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FIRST 
RAILWAY 


MICROWAVE 
> RADIO | 
pacers TELEPHONE 
er 


RITAIN 


300 Channels 
British Railways first microwave between 


multichannel system from Newcastle to York 


eee a nana caniccon Newcastle and York 


telephone channel capacity. The system 
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wit 


allows for channels to be dropped off at 
intermediate points and can accommodate 


high speed data transmission. 


| aye ARCON] COMPLETE COMMUNICATION SYSTEMS 


SURVEYED - PLANNED - INSTALLED - MAINTAINED 


COMMUNICATIONS DIVISION, MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD ESSEX, ENGLAND. 


H3 
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Wide Band 


= Power Capacities 1 kW & 5 kW 


m= Impedance ratios 600 ohms balanced to 
75/50/60 ohms unbalanced 


Compact « no tuning « low loss * weather-proof 


Write for data sheets and further technical details quoting 
reference K/687/11 to:— 


MULLARD EQUIPMENT LIMITED | 5 kW Type ie in cast aluminium. 
Tas ee Mite VOW Ree eee 

with VSWR better than 1.5 
MANOR ROYAL, CRAWLEY, SUSSEX - Telephone Crawley 28787 


@MEE 
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a | MARCONIDATA | 


ee ee a 
DATA COMMUNICATION SYSTEM 


DOESN'T EXIST 
UNTIL WE BUILD IT FOR YOU 


MARCONIDATA is backed by a name made famous in 
every country of the world for telecommunications practice 
and technique. 

MARCONIDATA the product of the largest research and 
development organization of its type in Europe, is acompletely 
flexible system composed of standard sub-units which can 
be arranged to provide accurate data communication between 
any number of points over any distance. 


MARCONI 


COMPLETE COMMUNICATIONS SYSTEMS 
SURVEYED - PLANNED «+ INSTALLED + MAINTAINED 


FAST ACCURATE DATA COMMUNICATION SYSTEMS 
MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND 
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HOW 
TO BE 


A 
[L@/s\(0) 
SHOWER 


AND 
WIN 
FRIENDS 


The subject is load-shoving. 
More particularly, load-shoving relating to 
motor control problems. Right, 
so you've got problems. 
Pushbuttons, timers, isolators, 
electric motors for pumping rooms, 
casting rooms, plating shops, 
betting shops. 
Forget betting shops. 
Don’t take a gamble. 
You’ve got problems. Breakdown. 
Blame the electrician, 
blame the foreman, 
blame a dreaming apprentice, 
blame the government, 
blame the weather (sun-spots). 
No, no, no. 
This is not the way to be a load-shover. 
Strictly old hat. 


Won’t make friends that way. 
of] ¢ Won’t stop breakdowns, either. 
So how come the load-shover in the picture is so popular ? 
Simple. 


He’s a DUPAR load-shover. 


DEWHURST DUPAR® ©). thats i 


He’s shoved the load on to DUPAR.... 


& PARTNER’ LIMITED DUPAR Technical Advisory Service... . 
DUPAR Control Gear. 
INVERNESS WORKS No wonder he’s so popular. 
HOUNSLOW - MIDDLESEX They haven’t had a breakdown in years. 


Nor likely to either. 
Telephone: HOUnslow 7791 (12 lines) 


Telegrams : DEWHURST HOUNSLOW 


Field Offices at :~ 

BIRMINGHAM, GLASGOW, 
GLOUCESTER, LEEDS, MANCHESTER, 
NEWCASTLE, NOTTINGHAM 


There is DUPAR electric motor control gear for all branches of Engineering. 
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Quartz 
Crystal Ovens 


STABLE TEMPERATURE ENSURING 
MAXIMUM FREQUENCY STABILITY 


Switching differential 0°0014°C. 
No thermostat 
No thermometer switch 


Orthodox crystal ovens, using thermostats 
or thermometer switches, are available for 
applications where wider temperature varia- 
tions are acceptable. 


SPECIALIZED RADIO COMPONENTS 


Write for details of crystal ovens and other specialized components 
in the Marconi range, and address your enquiries to: 


SPECIALIZED COMPONENTS GROUP 


MARCONI’S WIRELESS TELEGRAPH COMPANY LTD., 
CHELMSFORD, ESSEX, ENGLAND 
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A.T.E. “Packaged” Radio Ghannelling 
in Fully-transistorised Basic Units 
for 5 to 500 Gircuits 


Economical, reliable, completely self-contained, these terminals are ideal for 
rapid installation at any microwave or VHF radio terminal. They 
meet relevant Services and C.C.I.T.T. requirements. 


All terminals include inbuilt, outband, signalling facilities suitable for dialling. 
Simple ringdown relay sets can also be inbuilt when required. 
Racksides may be mounted back to back or side by side. 


AUTOMATIC TELEPHONE & ELECTRIC CO LTD 


STROWGER HOUSE - ARUNDEL STREET - LONDON. W.C.2 TEL. TEMPLE BAR 9262! 
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R3A a transportable 3 
channel terminal designed 
for field or Service use. 
Write for Bulletin 
= LEB. 3303 


R24B a 12/24 channel 


terminal in the 6-108 Kc/s 
spectrum, complete on one 
rackside. Write for 

Bulletin TEB. 3301 


R60B A 60 channel 


terminal (12-252 or 

60-300 Kc/s), complete 
on two racksides. 
Write for Bulletin 
TEB. 3302 


RI2Z0A A 120 channel 


terminal (12-552 Kc/s), 
complete on four 
racksides. Write for 
Bulletin TEB. 3304 


__ terminal (60-1300 Kc/s), 
complete on eight 
racksides. Write for 
Bulletin TEB. 3305 


TRANSMISSION EQUIPMENT TYPE CM for line, cable and radio systems 


L.E.E, PROCEEDINGS, PART B (ad 8 ) 


relays 
for the electrical industry 


MINIATURE TYPE CB 


Based on Type CA witi 
heavier magnetic circuit, 


MINIATURE TYPE CA 
Fully Type Approved to RCS 
165 and 166. 

Light and medium duty types 
have two changeover contacts, 


FN 
riZF 
Vy 


All versions fully Type 
Approved. | 
Available with up to twelve 


contact springs. 


\ 


Heavy duty types single make 


‘Ny 


: 


or break. 


; 


Twinned platinum con 


: 


Available sealed, or unsealed 


: 


with dustcover. tacts on light duty versions: 


~ 


i 


Available sealed, or un 
sealed with dustcover. 


VOLTAGE REGULATING 
TYPE XC 269 


MINIATURE TYPE CC 


Meets RCS 165 and MIL-R-5757 
Specifications. 


Fully Approved ic 
S.R.D.E. Spec. 166/1. 
Temperature compensa/ 
ted in range —40°C t¢ 
+85°C. 

Available for 6, 12 or 24 ¥ 
operation. 


Based on Type CA magnetic circuit, 
providing up to four light or 
medium-duty contact sets. 


Available sealed, or unsealed with 


dustcover. 


Printed circuit versions available. 


Typical changeover vob 
tage differential 1 V i 
24 V. 


Contact loadings up to 10A d.c., 
non-inductive, can be arranged for 
Types CA, CB, and CC. 


SUB-MINIATURE TYPE CE 


Occupies less than } square inch of 
chassis area. 

Two changeover contacts rated 
0.25A at 28 V dic. 

Insulation proof against 500 V 
a.c., r.m.s. between coil and contact 


THE PLESSEY COMPANY LIMITED 
(Relays and Control Systems Unit) 


Eddes House, Eastern Avenue West, Romford, Essex 
Telephone: Seven Kings 6050 


stack, 


—55°C to +100°C operational 
temperature range. 


Overseas Sales Organisation: Plessey International Limited, 
Ilford, Essex. Telephone: Ilford 3040 
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Marconi’s have sold 

and delivered 

more 44" image orthicon 
television camera channels 

than all the other manufacturers 


in the world put together. 


MARCONI'S WIRELESS TELEGRAPH COMPANY LIMITED - CHELMSFORD - ESSEX + ENGLAND 
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After the miniature, the microminiature 


This pre-amplifier unit, encapsulated in a half-inch cube of Araldite, is 
produced by McMichael Radio Ltd. to replace the larger unit shown. 
From the photograph it is not only apparent that the new unit needs 
a fraction of the Araldite used in the earlier type; it is also a striking 
illustration of the manner in which Araldite epoxy resins permit the use 
of very small and fragile components, completely protected and forming 
a compact assembly. The unit has a higher input impedance and lowe! 


E POXY R ESI N S input capacitance than are provided by normal manufacturing techniques 


Many uses of Araldite are described in our booklet, ‘Araldite Resins ir 
Araldite is a registered trade mark the Electrical Industry’. May we send youa copy? 


GCIBA (A.R.L) LIMITED, Duxford, Cambridge Telephone: Sawston 2121 AP 64. 
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In Design and Production 


WZusn,U G Y yyy 
yo @ te @4 ¢ 


use 


THE PHILCO ITALIANA 
LABORATORIES, MILAN 


Marconi test equipment, including the Wave 
Analyser TF 455E (at left), being used to 
test the distortion of the low-frequency 
amplifier of a transistored receiver under- 
going development. 


In Italy, people happily go home to their Philco radio and 
television receivers. For Philco realise that the continued 
success of their products is due to a rigorous adherence 
to quality standards. It follows naturally that this leading 
Italian company employs a wide variety of Marconi 
instruments. Prominent in this picture is the Wave Analyser 
TF 455E, a highly selective and sensitive Analyser for 


the accurate evaluation of both absolute and relative levels 

of individual components of a complex waveform. It covers 

the frequency range 20 c/s to 16 kc/s. 

Foy full details of Wave Analyser TF 455E, an iia 

which has many uses in testing audio equipment, write for | S$ 

Leaflet K193 Please mention any other fields of electronic Pa T R U Ra E Fe T S 


measurement in which you are interested. 


THE INTERNATIONAL GHOICE FOR ELECTRONIG MEASUREMENT 


AM & FM SIGNAL GENERATORS - AUDIO AND VIDEO OSCILLATORS . FREQUENCY METERS - VOLTMETERS : POWER METERS - DISTORTION METERS 
TRANSMISSION MONITORS - DEVIATION METERS - OSCILLOSCOPES, SPECTRUM & RESPONSE ANALYSERS + Q METERS AND BRIDGES 


London and the South: Midlands : North : 
English Electric House, Strand, London, W.C.2. Marconi House, 24 The Parade, Leamington Spa. 23/25 Station Square, Harrogate. 


Telephone: COVent Garden 1234. Telephone: 1408 Telephone : 67455 
Export Department : Marconi Instruments Limited, St. Albans, Herts. England. Telephone: St. Albans 59292, 


I IN 68 C 
REPRESENTATION IN 68 COUNTRIES TC193 
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| Plessey |MARK 6 


A new conception in high performance connectors 
with 6 outstanding features * 


+ Crimped connections 
i00 Cc 1Ol a ooEC 
Bayonet Coupling 

6 to 55 contacts 
Pressure sealed 


* KK * 


1kV. all contacts 


The new Plessey Aluminium Mark 6 is an entirely new conception in electrical connectors — offering 
a greater number of contacts than the ubiquitous Mark 4 plus other singular features introduced to 
meet the exacting requirements of this modern age. 

To the aircraft and missile designer, it offers a considerable saving in weight plus efficient operation 
and dependable service over an extremely extensive temperature range. To the designer of electronic 
equipment it offers a high standard of performance with valuable space-saving dimensions. 

To all users of electrical connectors, the Plessey Mark 6 Connector constitutes the latest example 
of forward thinking design and unsurpassable efficiency from a Company recognised throughout the 
world as one of the leading manufacturers of high quality, reliable electrical connectors. 


WIRING & CONNECTORS DIVISION 
THE PLESSEY COMPANY LIMITED - CHENEY MANOR - SWINDON - WILTS - SWINDON 6251 


Overseas Sales Organisation: Plessey International Limited - Ilford - Essex - Ilford 3040 


@ cw 20 
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Oscillographic recording 
and testing equipment 
from Siemens Ediswan 


. If your work involves the study of fluctuating or intermittent phenomena, 
you should know more about these instruments. 
The versatile High Speed Pen Recorder unit can be supplied singly or grouped 
in multiples of four up to a maximum of 16 channels and suitable 
amplifiers having a sensitivity of 1uV/mm a.c. or 10 mV/mm d.c. can also 
be supplied. These combinations are already making permanent economical 
records in industrial, physiological and physical research. 


LOW FREQUENCY OSCILLATOR TYPE R.2125 


The Low Frequency Oscillator is a general purpose R.C. 
instrument designed for testing, calibrating and setting up 
amplifiers, recorders, and low frequency wave analysers_ 


Frequency Range 1 c/s to 132 Ke/s 
Frequency accuracy 275 
Output Balanced push pull, 50 volts p.p. 
maximum on open circuit. 
Attenuator 5 x 20 dB steps plus O—20 dB 
: continuously variable. 
-| Output Impedance 600 N—0—600.Q 


PORTABLE RECORDER TYPE EPR 


The Siemens Ediswan pen oscillograph 

is a portable 1 to 4 channel, high speed, 

direct ink writing, recorder. 

The pen motor coil is 1450 ohms centre tapped. 
Frequency response within 10% from 0-70 c.p.s. 
Pen motors can be supplied with coil resistances 
of 230 ohms for use with transistors. 

Maximum defiection of pen tip 4 cms peak to peak. 
An electrical time and event marker is 

provided, writing on the lower edge of the paper. 
The 4” wide paper is driven by a rubber 

covered capstan roller and speeds of 

0-75 cms/sec. to 12 cms/sec. can be obtained. 


8 CHANNEL PEN RECORDER UNIT 


: The pen motors incorporated in this unit are 

identical to those used in the 4 channel pen oscillograph. 
The unit includes 8 pen motors fitted into a magnet block, 
two time markers, ink system and paper drive mechanism. 
Three speeds of 1-5, 3 and 6 cms/sec. are available. 

The unit is offered as shown in the photograph and is 
intended for incorporation into the users own equipment. 
A 16 channel version of the above unit is also available. 


We shall be pleased to send you particulars of these products 
Associated Electrical Industries Ltd 


Radio and Electronic Components Division 
PD 17, 155 Charing Cross Road, London wc2a 


Tel: GERrard 9797. Telegrams: Sieswan Westcent London 


cac17/19 
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BRE hranmscaps 


Pat. App. for 


for all Transistor Circuits 


In line with the Erie policy of anticipating the 
component requirements of the future, the Erie 


SPECIFICATION Transcap capacitor is now added to our ever- 
increasing range of components for use with 

811T 831T transistors. 
CAPACITANCE : 0.5uF 0.1uF Designed specifically as a small, reliable, 


high capacitance, low voltage, coupling, and 


TOLERANCE 2 -20% +50% 20% +50% by-pass capacitor, the Erie developed Trans- 


DIAMETER ¢ 0.594" max. 0.312" max. cap is manufactured entirely at our Great 
Yarmouth factory. 
THICKNESS He Osby! : 0.156" max. 
bs Pu Styles 811T and 831T shown here in their 
WORKING VOLTS : 3d.c, Side 


actual physical sizes are only forerunners of 
the wide range in differing values and volt- 
ages which will ultimately emerge. 


mie. 


Li M I T E D 


I, HEDDON STREET, LONDON, W.1 
Telephone: REGent 6432 
FACTORIES 
Great Yarmouth and Tunbridge Wells, England: Trenton, 
Ont., Canada: Erie, Pa., Holly Springs, Miss., and 
Hawthorne, Cal., U.S.A. 


* Registered Trade Marks 


Photograph of miniature by courtesy of Victoria & Albert Museum 
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exclusive to 


CONTACTORS 


The RIGHT-ANGLE mechanism saves space and therefore cost 
It makes coil changing rapid and simple 
Three sizes 30, 50 and 100 amps 
Available as INTERLOCKED pairs 
Comply with BSS.775 and NEMA sizes 1, 2 and 3 


CSA approved 


DIRECTION OF 
CONTACT 4 ACTION 


DIRECTION 
OF MAGNET 
ACTION 


Make sure you get full details... write for our MSII Catalogue today. 


ARROW ELECTRIG SWITCHES LIMITED 


BRENT ROAD . SOUTHALL : MIDDLESEX 
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PANAMA 


GUIANA 


iii 


KEY 


TERMINAL 


CHICLAYO 


C=) omuctiecex equipment 


AREQUIPA 
» 


| Miia 


For further information on the radio and multi- 
plexing equipment, please write for Standard 
Specifications SPO5502 and SPO1370. 


__C_iasi‘(‘i(’#séadDW#sé‘(ai‘i‘i‘éaé‘é‘(aéaé ‘aé(W 
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je General Electric Company Limited of for 1,100 miles along the Pacific seaboard. 
gland has been awarded the contract by The network will employ GEC’s well 
2 Compania Nacional de Teléfonos del proven 2000Mc/s radio relay equipment. 

ru to supply the radio and multiplexing A main and standby (protection) radio 


uipment for a microwave system linking frequency channel will be ins on all 
2 towns of Are ouu ipa, Lima, Trujillo, routes. In the event of failure or degrada- 
liclayo and Piura in Peru. of the wo ee radio channel change- 
a network comprising five terminal and r to the standby is automatic 
enty-seven bothway repeater stations will beat, radio channel has a Meacity of 240 
the oe in South America at ae speech channels. 


EVERYTHING FOR TELECOMMUNICATIONS 


Transmission Division 


TELEPHONE WORKS: COVENTRY : ENGLAND 


SE 
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Presenting 
the 


transistors 
—at the 


new 


lower prices ! 


The GET 88/89 range of r.f. and switching tran- 
sistors mounted in the JEDEC TO-5 can is now 
released. And prices are low! These germanium 
p-n-p alloy transistors come in 3 groups—for use 
in switching circuits, radio frequency amplifier 
and oscillator applications, and radio receivers. 
And here are some of their advantages: 


By virtue of their low price these transistors can economically bi 
used in audio andi.f. circuits as well as r.f. 


Device outlines are internationally standard and conform to 
K 1007, VASCA and IEC specifications. 


Electrically interchangeable with the well-known GET 87 series. 
20 volt ratings available. 
Controlled gain range—2 to 1 spread simplifies circuit design. 


Radio ‘packages’ available. 


SEMICONDUCTORS 


For further details please contact 

The General Electric Co Ltd Semiconductor Division 
School Street. Hazel Grove Stockport Cheshire. 
Or, in the London area, ring TEMple Bar 8000 Ext. 10 


H, 
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ame 
ems 


The A.T.E. Range of Cable Carrier Systems 
features equipment for large and small capacity 
routes. All systems meet the internationally 
recognised C.C.I.T.T. requirements for trunk 
circuits, are of high quality and advanced design. 

| Write for further details to:— 


AUTOMATIC TELEPHONE & ELECTRIC CO LTD 


Strowger House, Arundel Street, London, W.C.2. 


Phone: TEMple Bar 9262 


ale 


A.T.E. TRANSMISSION EQUIPMENT TYPE CM FOR LINE, CABLE AND RADIO SYSTEMS 


Right: Terminal Repeater 
Left: Intermediate Buried Repeater 


C300A Small Core 
Coaxial System 

® Fully Transistorised. 

@ 300 channel system for small 
core coaxial cables. 

@ Intermediate power fed re- 
peaters in sealed buried boxes. 

@® Automatic pilot regulation, 
suitable for buried or aerial 
cable. 

@ Power feeding stations may be 
up to 60 miles apart. 

@ Inbuilt maintenance and fault 
location facilities. 


For details see Bulletin TEB 3202 


Left: Terminal Repeater (Receive) 
Right: Terminal Repeater (Transmit) 


C960A 4 Mc/s 
Coaxial System 


@ Up to 960 high-grade tele- 
phone circuits on each pair of 
conventional coaxial tubes. 


@ Power fed dependent repeat- 
ers at 6 mile spacing. 


@ Main power feed stations up 
to 100 miles apart. 


@ Comprehensive maintenance 
and test facilities. 


@ Conforms to C.C.I.T.T. recom- 
mendations. 


For details see Bulletin TEB 1411 


Left: Dependent Repeater—6 ft. 
Right: Terminal Repeater—9 ft. 


CX12A 12.5 Mc/s 
Coaxial System 


@ Up to 2,700 high grade tele- 
phone circuits or transmission 
of mixed traffic on a pair of 
conventional .375 inch dia. 
coaxial tubes. 


®@ Conforms ton G.CiIsied..te- 


commendations and G.P.O. 
specifications. 

@ Dependent repeaters power 
fed from terminal equipment, 
with automatic transfer to local 
mains supply in case of failure. 

@ Comprehensive maintenance 
and test facilities. 


For details see Bulletin TEB 1417 


Terminal Rackside 


C12G Cable 
Carrier System 


@ Fully Transistorised. 

@ 12 Channels on a single cable 
pair. (6-54 Kc/s and 60-108 Kc/s 
‘go’ and ‘return’). 

@ Automatic pilot regulation, 
suitable for aerial or buried 
cables. 

® Straight or‘frogging’ repeaters. 

@ Terminal for 2 complete 
systems with signalling and 
frequency generating equip- 
ment on one 9 ft. rackside. 


For details see Bulletin TEB 3201 
AT 8932 
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- Distribution 


Siemens Ediswan 4-way, 4-wire 
~ Fuse or Link Disconnecting Box. y 


= , eee 


"dust think of the 
equipment _ 
with the — 


Distribution pillars and panels—Underground disconnecting 
boxes, branch boxes, service boxes and straight-through joints —- 


name Indoor and outdoor terminal boxes —Indoor and outdoor service: 
= fuses—H.T. and super-tension joints and sealing ends— 
: an ae ao : : Overhead service accessories — Rising mains systems 
ait i: — House service fuses and consumers’ control units — 
: . a. [| s iE 
behind it! 


Jointing materials and accessories of every description. 


GED CABLE DIVISION 


Associated Electrical Industries Limited 


DISTRIBUTION EQUIPMENT SALES DEPARTMENT 
145 Charing Cross Road, London, W.C.2 Tel; GERrard 9797 
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HIGHEST Ul OBTAINABLE 


B efore a isin nickel-iron alloys—- oxen 


available in all forms down 
to ultra-thin strip. 


specifying 


SQUARE HYSTERESIS LOOP 
. . nicKel-iron alloys are the best 
materials for magnetic amplifiers 20 


and saturable reactors. 


magnetic 


e LOW CURIE POINT 
associated with certain nickel alloys | 
; j at eC Vl a] S provides a temperature dependant 
permeability—a valuable 


characteristic for compensating 
and control devices, 


consult 


HIGH MAGNETOSTRICTION 
Nickel and nickel alloys make the most — 
rugged and efficient transducers 


thi os Veg Cc C @) r d | for ultrasonic equipment. 


HIGH BH. MAX 
Nickel-cobalt-aluminium-iron | 
permanent magnets provide the 
maximum energy per unit volume, 
extreme stability and the greatest 
resistance to the effects of 
temperature change and vibration. 


Design with Nickel-containing MAGNETIC MATERIALS 


Send for a free publication ‘Nickel-containing Magnetic Materials’ 
&» THE INTERNATIONAL NICKEL COMPANY (MOND) LIMITED THAMES HOUSE MILLBANK LONDON SWi 


TGA GNSO 
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Still more versatility for the WM16! Even before this, no other oscill¢ 
scope in the same price range could equal its performance. Proved i 
action for over a year in government establishments, universities an 
industrial laboratories, the WM16 has shown itself ideal for radar, tele 
vision, computers and millimicro-second oscillography, as well as fc 
general laboratory electronic work. 


Now the WM16 is given even greater versatility by the addition of 2 ne’ 
plug-in units, which establish it even more firmly in a class of its owr 


2 NEW 
UNITS 


FOR THIS HIGH 
PERFORMANCE 


‘SLOPE 


stern anasennanaannceecnnencnnns tee 


HIGH GAIN AMPLIFIER TYPE Ws 


BRL. HORNA 
$ 


e 


BB. PERSE SSIES ESB ey 


High Gain Amplifier Type 7/5 cavove 
High Gain, 5mV/cm, 5 c/s-25 Mc/s 
Normal Gain, 50 mV/cm, DC - 40 Mc/s 


Differential Amplifier Type 7/6 rignt) 
Two inputs can be displayed either 
separately or differentially. 
Bandwidth DC - 25 Mc/s 

Max. sensitivity 50 mV/cm 

Rejection ratio greater than 100 :1 


General features of the WM16 


Measurement accuracy 3% 


Sweep delay 1usec- 
150 m sec 
Normal Sweeprate 12°5mtUsec/cm- 
0°5sec/cm 


U///////. r 


Ask now for technical information 
or a demonstration of the WM16 and 
its new plug-in units. 


EMI ELECTRONICS LTD 


INSTRUMENT DIVISION, HAYES, MIDDX 
TELEPHONE: HAYES 3888 EXT. 2223 


EEIS9 


| 


MICROWAVE 
OSCILLATORS 


Excellent frequency stability. 
High degree of modulation linearity. 


H-wave Oscillators Vtypesm LOW working voltage. 
No forced air cooling. 


Backward Wave Oscillators Y types=}_ Very wide electronic frequency coverage. 


Reflex Klystrons Ztypesm Wide electronic tuning range. 
High degree of modulation linearity. 


Coaxial Line Oscillators Vtypes= 


TYPICAL 


P| event | 


5C/1K 
[Ml v2s7c/1k 
|B] v2sec/1K 
fmm | 
es SE 7 
aro szatell Y2S7/1E 
Z2387/1K ce [ra 
= ' i [] ¥322/1€ 
4 1] [| 7747 (¥330/1E) 
’ 3 10 % 


30 


FREQUENCY (Gc/s) 
eesti 


Send for a copy 
of the new edition 
of the illustrated 

brochure ‘‘STC 
Microwave Tubes” 

MS/118. 


V271C/3M 
H-wave Oscillator 


Srandord Telephones and Cables Limited 


VALVE DIVISION: FOOTSCRAY - $1 D CUP) SKE Ne 


Y257/2E 


61/6MS 
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LLSCOTT 


E.HT POWER 


E.H:T Power unit TYPE 1112 


Specially designed to operate low noise Klystrons 
requiring up to 50mA D.C. Adjustable from 
2 to 8 kv negative to earth. D.C. heater supply 
included. 

Fan cooled cabinet, castor mounted. Safety inter- 
locks on all access points. Additional external 
safety circuits provided by jack inputs. 


ELECTRICAL SPECIFICATION 


| 

| 

| 

| 

| 

| 

| 

J 

| 

| 

| 

| 

E.H.T. SUPPLY 

Output Voltage: 2 to 8 kv negative to earth. 

Output Current: Max. 50 mA. | 
Regulation (no load 

to full load): Better than0-02% per mA. ! 

Stabilisation against | 

mains voltage | 

variations: Better than 0:01% per 1% | 

mains voltage change. | 

| 

| 

| 

| 

| 

| 

| 

j 

| 


Ripple: Less than 10 mV between 
50 c/s and 1 ke/s: less than 
30 uwV at 1 kc/s decreasing 
at 3db/octave upwards. 


D.C. heater supply 
0-6 volts 0-10 amps. 


Multi-line power unit 
TYPE 244 


@ Eleven stabilised D.C. lines at various 
positive and negative voltage levels. 


@ Two separate 6-4 volt heater supplies. 


@ Operated from 400 c/s, 3-phase 200 volt 
mains. (50 c/s single-phase alternative 
available.) 


Mains input 
50 c/s, 3 phase star. - : 
19” rack mounting. Weight 67 Ib. 


R.F. Spectrum 
analyser 
TYPE 306 


analysis of fine microwave spectra 


The Allscott Microwave Spectrum Analyser Type 306 represents a valuable aid 
to the experimenter concerned with the analysis of fine microwave spectra. 
It can be used over a wide video spectrum range and enables noise and line 
sideband components to be determined unambiguously 


The instrument has a resolution of 1 kc/s or 25 ke/s and can be used for the 


accurate determination of low level sideband amplitudes or noise powers in terms 
of the carrier power. 


Full information and specifications on request. 


68 Brockville Street, 
Carntyne Industrial Estate, Glasgow, E.2., 
Tel : Shettleston 4206 


James Scott fi" Lta 
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PIONEERS OF MICROWAVE 


o* 
KIRKWALL 


é Microwave transmission is one of the 
many major advances in communications 
THRUMSTER techniques that was introduced for the 
first time in Great Britain by STC. 
STC microwave systems now installed 
or on order for the G.P.O. have a total 
capacity of nearly 1 500 TV channel miles 
and over a 4-million telephone circuit 
miles. 


ABERDEEN 


First link in UK and first in world 
to use the travelling wave ampli- 
fier 1952. 


First microwave link between 
England and Northern Ireland 
1960. This link uses diversity 
reception on overwater path. 


ea 
- 


PF le 
BELFAST 


@ ATHLONE 4 
MANCHESTER 


First microwave link in Republic 
of Ireland 1961. 


First permanent microwave link 
across the English Channel 1960. 


. 


hate 
FOLKESTONE ~ 


Folkestone terminal station with automatic phase 
diversity aerials. 


Standard Telephones and Cables Limited 


TRANSMISSION SYSTEMS DIVISION: NORTH WOOLWICH ; LONDON E.16 


61/10C 
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WORKS: STAFF 


— ee ee 


Send enquiries, or for Publication TF/239 to: 
The ENGLISH ELECTRIC Company Limited, 
Transformer Sales & Contracts Section, 


East Lancashire Road, Liverpool, 10. 


‘Cc’ CORES 


for open-type transformers 


‘ENGLISH ELECTRIC’ ‘C’ cores, developed specifically to meet the exacting 
standards of the electronic industry, provide smaller, lighter and more efficient 
transformers and chokes for interservice, industrial and commercial applications. 


The full range of ‘C’ cores in -013”, -004” and -002” grain-oriented steel strip 
complies with the requirements of the Standard Interservice range (RCL.193). 
Special cores can also be supplied on request. 


“ENGLISH ELECTRIC’ “C’ cores are suitable for use in oil filled, open type, or resin cast 
transformers. Clamping frames and other accessories are available and manufac- 
turers can obtain many of their component requirements from ‘ENGLISH ELECTRIC’. 


‘Cc’ and ‘E’ cores 


Telephone: Aintree 3641. 


y) 
L 


_—————————————————— Vd 


THE ENGLISH ELECTRIC Company Limitep, ENGLISH ELECTRIC Housz, STRAND, LONDON, W.C.2 


ORD += PRESTON * RUGBY ~~ BRAD BO RD LIVERPOOL + ACCRINGTON 
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HIGH TEMPERATURE 
FOIL TYPE 
(POLAR & NON-POLAR) 
Designed to withstand conditions 
of high temperature and high 
vibration. 
Temperature Range: 
— 40°C to+ 125°C. 
Voltage Range: 6 to 100V d.c. 
Capacitance Range: 
0-2 to 200 uF. 


<7 


ie ai 


7\N 


~— OTANTELUM 


TANTALUM 


ELECTROLYTIC 
CAPACITORS 


STANDARD FOIL TYPE 
(POLAR & NON-POLAR) 

Type approved to RCS 134B 
Temperature Range: 

— 40°C to+ 85°C 
Voltage Range: 6 to 150V d.c. 
Capacitance Range: 

0:15 to 200 uF. 


SOLID TYPE 
(POLAR) 
Sintered Slug and solid electro- 
lyte construction. 
Temperature Range: 
-—55°C to+ 85°C (to + 125°C 
with voltage derating) 
Voltage Range: 6 to 35V d.c. 
Capacitance Range: 1 to 330 uF. 


MINIATURE FOIL TYPE 

(POLAR) 
A foil type tantalum capacitor in 
its most economical form. Avail- 
able with axial or radial terminal 
wires. 
Temperature Range: 

—25°C to + 85°C. 

Voltage Range: 3 to 25V d.c. 
Capacitance Range: 1-5 to 16 uF. 


! 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
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STC manufacture a wide range 
of Tantalum electrolytic capaci- 
tors, available in these four types 
and conforming to Humidity 
Classification H1. 


Write for Data Sheets to: 


Standard Telephones and Cables Limited 


CAPACITOR DIVISION: BRIXHAM ROAD - PAIGNTON - DEVON 


61/8MC 
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CINTEL DELAYED PUL 


This versatile instrument has four main outputs generating 
true +ve or —ve going pulses with a rise time of less than 
10musec at an output of 5V in 750. Variable amplitude, 
width and delay are provided and the instrument is capable 
of either single or double pulse modes of operation. 


The four main outputs of the generator are (1) a pre- 
pulse of fixed amplitude and width. (2) A single or 


double main pulse of variable width and amplitude. — 


(3) A single or double negative going sawtooth (sweep) 
pulse coinciding with the main pulse. (4) A single or 
double cable pulse derived from the main pulse. 


APPLICATIONS Of this instrument can be made in 
many fields of research and measurement. Its com- 
prehensive specification makes it particularly suitable 
- for use in radio navigation, radar, television, elec- 
tronics, nucleonics, computors, telemetering and 
physiological research. Other uses will be apparent 
and the more common applications are listed in a 
comprehensive leaflet available on written request. 


BRIEF SPECIFICATION 
PERIOD: Continuously variable from 0-9usec to 


1-O5sec corresponding with a frequency range 0-95c/s © 


to 1-1Mc/s. Accuracy is within + 5%. 


PRE-PULSE: Fixed amplitude 8V peak i in 750 
positive going. Fixed width 60musec. 


DELAY: The time between the peak of the pre-pulse 
and the advent of the main pulse is variable from 
O-9usec to 105msec. Accuracy is within + 5%. 


MAIN OUTPUT PULSE: Continuously variable in 
width from 0-09usec to 105msec with a calibration 
accuracy of -+ 5%. The amplitude and impedance is 
controlled by a four position switch and a fine control 
giving a 4:1 attenuation of each maximum as follows 


AMPLITUDE IMPEDANCE 


RISE TIME 


SV max < 10musec 


10V max > 25musec 
25V max +-40musec 
SOV max +> 5Omusec 


POLARITY of the output pulse can be positive or 
negative going with respect to earth as required. 
Accuracy of calibration is within + 2% on all ranges 
except the 50V range where it is within + 5%. 


inst uments. 


TRIGGER operation 1:0V peak to peak 2Mc/s max. 


RANK CINTEL LIMITED 


Worsley Bridge Road, Lower Sydenham, 5.6.26. HITher Green 4600 


THE SWEEP waveform is a direct coupled negative 
going sawtooth with the same width and delay as the 
main pulse. The amplitude of this waveform is 15V_ 
peak at maximum width. Linearity is maintained to _ 
within + 2%. Output impedance approximately 300Q. _ 
CABLE PULSE is obtained from a short circuited 
pure line. Two narrow output pulses are obtained, _ 
one positive and one negative going, coincident with 
the leading and trailing edges of the main pulse. The 
width of both pulses is 25musec. The ee 
amplitude is 3V peak in 75Q and rise time 8mpsec. _ 


DOUBLE PULSE operation can be obtained by a 
setting on the front panel. Two pulses are produced 
the first coincident with the pre-pulse and the second - 
delayed on it by a selected amount. _ _ 


"SINGLE PULSE OPERATION 
PRE-PULSE 


Ft 
MAIN |_| VARIABLE 
PULSE ; AMPLITUDE 


peuiden saat DELAY VARIABLE WIDTH 


- DOUBLE PULSE OPERATION 
PREPULSE  —s 


VARIABLE 
ae DE 


CABLE PULSE ; a : 


SYNC/TRIGGER The generator can be synchronised 

or triggered by almost any externally applied waveform. SS 
The minimum amplitude levels for a sine wave being: __ 
SYNC operation 0-5V peak to peak 2Mc/s max., and 


SWEEP 


DOUBLE 
GABLE PULSE 


SINGLE SHOT operation obtained by a push- button switch 


110-120V and 200-250V a.c.. 
in 10V steps a0 to ” oS 
200W 


POWER SUPPLY 


POWER CONSUMPTION ~ 


DIMENSIONS . 223” wide x 15” deep x 21" high 
(57 x 38 x 53 cm) 
WEIGHT . 90 lbs. (41 kilos). 
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As simple as 


=> : 
a : i 
Ep... plugging in 
ED ‘ 

Ore : 


\ 


Sore 


THE FRICSSON RURAL CARRIER Designed to combine ease of maintenance with 
small physical size and low power consumption, 
TELEPHONE SYSTEM TYPE R.C. Ol it is particularly suitable for use in remote areas 
where personnel trained to service carrier 
NN equipment may be limited. A fault may be 
cleared by substituting a spare for each plug-in 


@ LOWER POWER CONSUMPTION unit in turn until the service is restored. 


@ BATTERY OR OPTIONAL MAINS OPERATION 


The system will provide up to ten additional 
TRANSMITTED CARRIER FOR AUTOMATIC eherci it : li Th 
PRTC nuTnoieniniciannctine speech circuits on an open wire line. e 


circuits are stackable and thus extra circuits may 


@ INTERCHANGEABLE SIGNALLING UNITS 

be added as demand increases. This feature 
@ TRANSISTOR CIRCUITS together with a wide range of pole mounted 
@ COMPANDOR UNITS OPTIONAL “drop-off” filter units offers a high degree of 
@ AMPLE TEST POINTS system flexibility. Channel re-allocation is easily 
© ONE 10 CHANNEL TERMINAL ACCOMMODATED achieved with this system of plug-in sub-units. 


ON A WALL MOUNTING RACK 3° 3” HIGH Illustrated above is a SINGLE CHANNEL 


SIMPLE INSTALLATION TERMINAL (less panel cover) with mains 
PORTABLE TEST SET AVAILABLE power unit and compandor units fitted. 


For further information please write to:— 


ERICSSON TELEPHONES LIMITED - ETELCO LIMITED 


ENGLAND 


Head Office: 22 Lincoln’s Inn Fields, London W.C.2. Tel: HOLborn 6936. Works: Beeston, Nottingham & Sunderland. 
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GLASS—METAL | 
SEALS 


“ SHEBERS EBESEH SWAR LTD 


TRANSISTOR HEADERS 


AND ENCLOSURES 


SWAN LIMIPED 


WRITE FOR THEM! bc ie 


Do you make hermetically sealed devices involving 
electrical connections? If you do send for these two booklets 
about ““Ediswan” Transistor Headers and Glass to 

Metal Seals. You need this information at your finger tips 
when you’re buying seals or headers because a lot of 
seal-making experience that you don’t get anywhere else 
goes into both these ‘““Ediswan”’ product ranges. 


Associated Electrical Industries Ltd 


Radio and Electronic Components Division 
PD 16, 155 Charing Cross Road, London, W.C.2 


Telephone GERrard 9797. Telegrams Sieswan Westcent London 
TAI7/IO 
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: a new square wave 
and pulse group 
generator 


A study of the diagram may suggest how this 
instrument can be of use in your specific 
problem. 


Calibrated and continuously variable groups of 
pulses, plus square wave output of continuously 
variable amplitude 100 “/V to 100 volts. 
Versatile triggering system, external or internal. 
Single groups of pulses by push button. For 
use with the NAGARD 5002 Double Pulse 
Generator or any other generator capable of 
being externally triggered. 


IDEAL FOR COMPUTER TESTING by 
providing a simulated programme of pulses 
controllable in a great variety of ways. 


If you already have a Nagard 5002 Pulse 
Generator the 5101 will extend its usefulness, 
besides being a good square wave generator and 
triggering device when used by itself. 


Ask for data sheet No. 6610. 


Bi jeeie le 


5101 GROUP OUTPUT 


ies ee pe eee 


SIOi GATE OUTPUT 


bt — > 
f ny Nl fl f] 
IL | | jane dy ee A- 1-100,000 GROUPS PER SEC. 
ls B~'Sy SEC. TO 0:5 SEC. GROUP LENGTH 
50024 PREPULSE OUTPUT C- 10¢/s 1 Mes FREQUENCY IN GROUP 
e} ¢ Farge D—- SQUARE PULSE 100»V~IOOV POSITIVE GOING 
ee t E-\O2» SEC TO 2SEC DELAY 
n i fl € - OlySEC.TO 1 SEC PULSE WIDTH 
| | | || 2 G- 200 pV~SOV POSITIVE OR NEGATIVE 
| et | Fal Pees Be 


5002A SINGLE PULSE DELAYED 


AUNT 


SOO2A DOUBLE PULSE OUTPUT 
NACART, 


18 AVENUE ROAD, 
BELMONT, SURREY 
Tel: VIGilant 9161-2 
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Soldering 
Instruments. 


DCOL 


(Regd. Trade Mark ) 


ILLUSTRATED 


3,6 DETACHABLE BIT 
MODEL, List 64 

IN PROTECTIVE SHIELD 
WITH ACCESSORIES, 
List 700 


THE WIPING PAD REDUCES 
THE DESTRUCTIVE PRACTICE 
OF BIT FILING 


British and Foreign Pats. 
Reg. design, etc. 


For further information apply Head Office: 


ADCOLA PRODUCTS LTD. 
ADCOLA HOUSE 
GAUDEN ROAD 
CLAPHAM 

LONDON S.W.4 


Tel: MAC 4272 & 3101 Telegrams; SOLJOINT, LONDON S.¥ 


When does 


Gs 
THEO 1H x0k 


«+. when the Westland Wessex | 
rises from the ground, 


Newton Derby Voltage 
Regulators are a vital part of the 
electrical system in this turbine- 
driven machine which is in 
quantity production for the Royal 
Navy and which is fitted with 
automatic equipment to allow 
operation by day and by night, in 
all weathers, from ship or from 
shore. 


@ Motor Generator Sets 
@ Permanent Magnet Alternators 
@ Transistor Convertors 


@ High Frequency Alternators 
(400 to 3,000 c.p.s.) 


@ Automatic Voltage Regulators 
@ Servo Motors 
@ Rotary Transformers 


i and Convertors 


NEWTON BROS. (DERBY) LIMITED 
ALFRETON ROAD, DERBY 


Telephone : Derby 47676 (4 lines). Grams : DYNAMO DERB 
London Office : IMPERIAL BUILDINGS, 56 KINGSWAY, W.C. 


AXEL soni 
3 SOLID STATE MICROWAVE SWITCH 


2 MICROWAVE SWITCHING, MICROWAVE DIODE PROTECTION, CW AERIAL 
ITCHING AND CW SIGNAL MODULATION AT BANDS FROM S TO X INCLUSIVE 


ADVANCE INFORMATION 


OUTSTANDING FEATURES 
* LOW VOLTAGE OPERATION * LOW POWER CONSUMPTION 
MALL SIZE AND LOW WEIGHT * EXCELLENT FORWARD TO BACK ATTENUATION RATIO 
FEATURES 
J operation for 25 db of attenuation. High voltage sup- 
ss not required. Its lightness and ruggedness lends itself 
applications where weight and space are at a premium. 


VP i li Tei We ae | 
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PICAL SPECIFICATION 


rating Voltage :— 1.5 volt max. 

srating Current :— 20 mA max, 2 

ertion Loss:— 1db max. 

benuation range :— 1 db to 25 db* 

wer Handling Capacity 

1) pulsed line power:— 500 watts peak max. ee ree EREQUENCY Me/SEC ra 

0) CW line power 10 watts max. Verses Frequency Response for P-N Switch Type 
odwidth (fixed mount)t:— 100 mc/s 

nimum switching time:— 0.5 microseconds max.° pp tes (| 20 i aia iad 


40 


LaLS SSS 
| se RS = (i 


orresponds to varying the applied voltage between 0 and 
volts. 


unable mounts will be available shortly to cover S and X 
ids respectively. 


lepending on power level. 
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Attenuation—Junction Current Gruph for P-N Switch 
Type BS.336 


PLEASE DON’T TEAR OUT THIS 
ADVERTISEMENT— 


Others will want to see it. If you 
would like to have full details of 
these or any other AEI electronic 
components for that matter, all 
you have to do is write to AEI 
at the address below. Data sheets 
with detailed infor- 

mation will be sent 

to you without 

charge. 


DON'T DELAY—w7ite 
now and be sure of 
receiving latest news 
of these and other AEI 


components as they. 
become available. 


ELECTRONIC APPARATUS DIVISION, VALVE & SEM! CONDUCTOR SALES DEPT. 
7 CARHOLME ROAD + LINCOLN + TEL: LINCOLN 26435 ns 
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FOR NEW 
EQUIPMENTS 
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NATURAL COOLED 


TETRODES 


FOR COMMUNICATIONS & INDUSTRY 


E.E.V. Type 


American 
Type 


The English Electric Valve Co. 
Ltd. offers a range of natural 
cooled tetrodes for the lower 
power communication and in- 
dustrial application. The maj- 
ority of the types in this range, 
comprising both single and 
double tetrodes, are capable of 
operation, at full ratings, well 
into the V.H.F. band —up to 
250 Mc/s in the case of the 
C178A/5894. Even higher fre- 
quencies may be attained with 
suitable de-ratings. All are 
equivalents or near equivalents 
to American and CV types. 


For full details of these valves 
please write to the address 
below. 


British Operating Max. Anode 
Services Frequency Dissipation 
Type Mc/s (W) 


4D32 
C1I78A/5894 
C1108 
Cili2 


C1134 


4D32 
5894 
4-125A* 
4-250A* 
6252 * 


CV3543 60 50 
CV2797 250 20+20 
CV2130 120 125 
CV2131 75 250 
CV2799 150 10+10 


MAINTENANCE 


CV26 
CV2666 
CV788 


* Near equivalent 


ENGLISH ELECTRIC VALVE COMPANY LIMITED 


AGENTS THROUGHOUT THE WORLD Chelmsford, England. Telephone: Chelmsford 3491 
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| STATIC FIELDS 
in ELECTRICITY 
and MAGNETISM 


D. H. Trevena 


268 pages Price 35s. 
Based on lectures the author has delivered over the past 
eight years to students at the University College of Wales, 
Aberystwyth, the book is concerned with the three main 
topics of electrostatics, magnetism and the magnetic fields 
of steady electric currents. The use of such concepts as 
the magnetic pole and the magnetic shell have been 
included, the latter because the author feels that all students 
should be aware of the elegance of this method. The 
problematic question of units, including M.K.S. units, is 
- fully discussed and worked examples have been included 
throughout. 


AUTOMATIC and 
REMOTE CONTROL 


Proceedings of the First International Congress 

of the International Federation of Automatic Control 
(I.F.A.C.) Moscow 1960 

Editor: J. F. Coales 

Co-Editors: J. R. Ragazzini and A. T. Fuller 


Price £45 the set 
Individual Volumes £12 each 


Four Volumes 


These volumes which are expected to be published in 
October 1961 contain the papers read at the First Inter- 
national IFAC Conference (Moscow 1960) together with 
the ensuing discussions. The Russian papers have been 
translated into English and are published in full. The 
papers reflect the most recent work in many countries and 
are divided into three principal sections. 1—Theory. 
2—Components. 3—Applications. The first section con- 
tains papers dealing with the present state of the theory 
of continuous and discrete systems, the theory of structures, 
stochastic and special mathematical problems of automatic 
control. In the second section the papers are devoted to 


the theory and practical work of designing electric, mag- | 


netic and pneumatic elements of control systems, pro- 
gramming and computing devices, controlling computers 
and systems of automatic control. The final section deals 
with design principles and the practical industrial applica- 
tion of automatization in machine-building; metallurgical 
and chemical industries amongst others. 


BUTTERWORTHS 
4-5 BELL YARD, 
LONDON, W.C.2 
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Decide 
on 
Donovan 


TERMINAL BLOCKS 


Type J96, clamp-type terminals. 
White marker strip, generous clearance between phases 

and to earth. Sizes available: 15-amp. 550-volt, 3, 4, and 

6-way. 30-amp. 550-volt, 3 and 4-way. C.S.A. approved. 
As standard without alteration. 


A.C. POWER RELAYS 


Type A.11. Available 2, 4, or 8-pole (with one or two 
coil circuit change-over contacts), fine silver double- 
break main contacts rated at 15-amp. 550-volt. Any pole 
can be N.O. or N.C. Available C.S.A. approved. 
Illustrated is a 4-pole enclosed relay. 


Manufacturers of Industrial Contactor Gear & Allied Equipment 
THE DONOVAN ELECTRICAL CO. LTD. 
Granville Street, Birmingham I 


Depots: LONDON, 149-151 YORK WAY, N.7. 
GLASGOW, 22 PITT STREET, C.2. 


Sales Engineers available in LONDON — BIRMINGHAM 
MANCHESTER — GLASGOW — BELFAST — BOURNEMOUTH 


Fathoms below the Atlantic and the Pacific, mighty cables carr 

myriads of voices from wind-swept shores to palm-fringed islands... 
rts to sun-scorched cities. Unseen, but playin: 

a vitally important part is TMC CARRIER TELEPHONE 

EQUIPMENT, helping to narrow the distance between continents 

that were once, communicationally speaking, far apart. 


Fullinformation about TMC 2 ke/s, 3 kc/s and 4 ke/s 
Spaced Carrier Telephone Equipment can be obtained 
simply by writing to the address below. 


TELEPHONE MANUFACTURING COMPANY LIMITED 
Transmission Division: Cray Works, Sevenoa ks Way, 
St. Mary Cray, Orpington, Kent. Telephone: Orpington 26611 
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Begins at Gairloch on the west coast 
of Scotland and extends to Torshavn 
(Faroes). Thence to Reykjavik 
(iceland), known as SCOTICH. 


, Cc ects Seattle to Ketchik 
[> Ons e to Ketchikan 

. Extending from San Francisco ti 
> iow n ncisco to 


From Vancouver to Hawaii, Fiji 
» and New Zealand (to be extended to 
> 


Linking Vestmannaeyjar in Iceland 
with Frederiksdal (Greenland) 

and Cornerbrook, Newfoundland — 
called ICHCAN. 


Australia), known as COMPAC. 


From Oban (Scotland) to Clarenville 
(Newfoundland) extending to Sydney 
Mines (Nova Scotia). This system is 


knownas TAT 1. 


Starts at Manahawkin (U.S.A.) 
terminating at Bermuda. 


From Florida to Jamaica, 
Curacao and Venezuela. 


From Widemouth (Cornwall) to 
Manahawkin (U.S.A.) knownas TAT. 


VvVVVV 


From Oban to Cornerbrook 
(Newfoundland), known as CANTAT. 


SELLING AGENTS 


Australia and New Zealand: 
Telephone Manufacturing Company (A'sia) Proprietary Limited, Sydney, New South Wales. 


Canada and U.S.A. 
Telephone Manufacturing Company Limited, Toronto, Ontario. 


Also represented in other countries. 
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@ Radio Sonde and electronic equipment 


Radio Sonde Transmitter, sup- 
plied to British meteorological 


Office and foreign governments. 


Stentorian Cambric Cone Units, 
recognised throughout the world 
as the greatest value in High 


Fidelity. 


WHITELEY ELECTRICAL RADIO CO. LTD ° 


The Post Office Tester is a multi- 
range meter used for making 
tests on subscribers’ apparatus 
and lines. 


The items shown here are representative of 
the extensive variety of products manufactured 
by the Whiteley organisation. Our technical 
resources are available for the development 
and production of specialised components for 


the electronic industry. 


Waterproof plugs and socke 
moulded in Polythene for unde! 
water or outdoor installatio: 


Potted components and assemb- 
lies in ‘epoxy, Polyester resins 
and Polythene. ( 

resin. 


Mansfield 


This fixed frequency osciliater 
constructed on a standard oct 
base and encapsulated in epo> 
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Handbook for 
Authors 


Acceptability 


Length 


Summary 


Text 


Acknowledg- 
ments 


PAPERS FOR THE PROCEEDINGS 


Anyone who is thinking of submitting a Paper to 
The Institution should apply to the Secretary for 
a copy of the Handbook for Authors. The price 
is 3s. (post free), but a copy will be supplied free 
of charge if the application is accompanied by 
a summary of the Paper. The following are some 
of the main points considered in the Handbook. 


To be acceptable, a Paper should normally con- 
tribute to the advancement of electrical science 
or technology. The Institution does not accept 
Papers which have been published elsewhere. 


No Paper should occupy more than 10 pages in 
the Proceedings. Authors can generally keep well 
within this limit. For example, the average Paper 
published in 1960 consisted of 6 000 words (5 pages) 
and, with its illustrations and mathematics, occu- 
pied a total of 8 pages. 


An essential part of a Paper is the Summary, 
which should not exceed 200 words. 


The Text should begin with sufficient introductory 
matter to enable the Paper to be understood 
without undue reference to other publications. 


The Text should include no more mathematics 
than is essential. Extended mathematical treat- 
ment and lengthy digressions—if they must be 
included—should be put in Appendices. 


Proprietary articles should not be mentioned by 
name unless this is unavoidable. 


The rationalized M.K.S. system of units is preferred. 


Assistance in the preparation of the Paper, and 
sources of information, should be acknowledged. 
References to manufacturers should be made only 
under Acknowledgments. 


Bibliographical References should be numbered 
and listed in a special section, and indicated in the 
Text by means of ‘indices’. 


The Text should be appropriately sectionalized, 
the sections and their subdivisions being numbered 
according to the ‘decimal’ system. Acknowledg- 
ments, References and Appendices should be 
numbered as though they were sections of the Text. 


Typing should be on one side of the paper only, 
with double spacing between lines and a 14 inch 
margin on the left. Besides the original type- 
script, two carbon copies are required by The 
Institution. 


Advice on the typing of mathematics is given in 
the Handbook for Authors, which includes a 
facsimile of a typewritten page containing mathe- 
matics. 


Illustrations should not be drawn or pasted on 
the typewritten pages. They are of no use to the 
printer, but he does need a complete list of 
captions, again with double spacing. The list 
should be attached to the typescript. 


Three sets of drawings, which may be in the form 
of dye-line prints, should accompany the type- 
script. Tracings, which will be required later, 
should be in indian ink with the lettering in pencil. 
The reduction in the size of the drawings, and 
therefore the size of lettering required, is not 
settled before the Paper has been accepted. 


The typescript and illustrations should be packed 
flat, not rolled, and addressed to The Secretary, 
The Institution of Electrical Engineers, Savoy Place, 
London, W.C.2. 
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Lewcos insulated 
resistance wires 
have been used 
for many years 

for winding 
resistances for 
instruments, 
radio, 
control 
apparatus, 
etc. These 
fine and 
superfine 
wires meet the 
demands of the 
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Supplied with standard coverings of 
cotton, silk, rayon, enamel and glass. 
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THE LONDON ELECTRIC WIRE CO. & SMITHS LIMITED LEYTON LONDON : E.10 


INDEX OF ADVERTISERS 


Icola Products Ltd. avel 32 International Nickel Co. (Mond) Ltd. ad 21 

tow Electric Switches Ltd. ad 15 
sociated Electrical Industries Ltd. ad 13, 20, 31 and 33 London Electric Wire Co. and Smiths Ltd. ad 39 

itomatic Telephone and Electric Co. Ltd. ad 6,7 and 19 
| Marconi Instruments Ltd. ad 11 
tterworths ad 35 Marconi’s Wireless Telegraph Co. Ltd. ad 1, 3, 5 and 9 
Mullard Equipment Ltd. ad 2 

BA (A.R.L.) Ltd. ad 10 
: Nagard Ltd. ad 32 
Newton Bros. (Derby) Ltd. ad 32 

whurst and Partner Ltd. ad 4 
movan Electrical Co. Ltd. ad 35 Beare aang 
Plessey Co. Ltd. ad 8 and 12 

AI Electronics Ltd. ad 22 
eee Co. Ltd. eae Rank Cintel Ltd. ad 28 and 29 

glish Electric Valve Co. Ltd. ad 34 
icsson Telephones Ltd. ad 30 James Scott Electronic Engineering Ltd. ad 24 
ie Resistor Ltd. ele Standard Telephones and Cables Ltd. ad. 23, 25 and 27 

p 

rranti Ltd. ad 40 Telephone Manufacturing Co. Ltd. ad 36 and 37 
meral Electric Co. Ltd. ad 16, 17 and 18 Whiteley Electrical Radio Co. Ltd. ad 38 


LE.E. PROCEEDINGS, PART B (ad 40) 


Ber 


AY BE 9. 55 
ce 


FERRANTI 
CAPACITY 
DIVIDER 


Pree PD ee 1d 


% Measures accurately high voltage pulses up to 30 kV. 


%* Incorporates differentiation circuits for measuring rate of rise. 


* Suitable for laboratory use or for permanent installation. 


Specification and Ratings : 


Top Capacitance: - 3°4 + 0.2 pf 
Total Load 
Capacitance : 6 pf. max. 
Applied Voltage : 30 kV. max. 
Ratios : 


Position 1: 250:1 
Position 2: 500: 1 
Position 3: 7T5kV/szis/V. 
Position 4: 5:0kV/sus/V. 


ERRANTI © 


First into the Future 


FERRANTI LTD - KINGS CROSS ROAD - DUNDEE - Tel: DUNDEE 87141 
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THE BANANA-TUBE DISPLAY SYSTEM 
A New Approach to the Display of Colour-Television Pictures 
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SUMMARY 


An introduction is given to the concept of colour-display systems 
with mechanical field-scan. The optical elements are of fundamental 
importance to this kind of display and various optical aspects are dis- 
cussed, including the advantages of direct-viewing systems over pro- 
jection, the application of cylindrical optical elements and the size 
of moving optical elements in relation to the required picture size. 
This discussion leads to the basic concept of a rotating mirror—or 
lens drum with a magnifying cylindrical mirror. 

The fundamental properties of these two solutions are compared 
and the favoured system with the banana tube is described in detail. 
The basic requirements of this system with respect to the design of the 
tube, the optical elements and the mechanical components are dealt 
with. Finally, some inherent advantages of the present system are 
discussed and possible further improvements are mentioned. 


(1) INTRODUCTION 


A typical feature of the post-war era has been the rapid 
expansion in the field of electronic devices. The most spectacular 
example of this expansion has been the establishment of tele- 
vision as a means of mass entertainment. In nearly every case 
the introduction of television in a country has been followed by 
an extremely rapid build-up of receivers in the homes. It might 
therefore be considered rather surprising that the growth of 
colour television has been comparatively slow, even in a country 
like the United States, where colour programmes have now been 
transmitted for a number of years. 

The main reason for this reluctance on the part of the public 
fo buy a receiver with the added attraction of colour is 
undoubtedly an economic one. Whereas the price of a mono- 
chrome receiver is by no means low for a person of average 
means, its possession does mean the difference between being 
able to view and not to view. The addition of colour, on the 
other hand, can only enhance the pleasure of viewing a pro- 
gramme which could be seen anyway in monochrome on an 
‘rdinary receiver, and therefore may not warrant a receiver 
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price which is two to three times as high. It is, however, generally 
accepted that this is not the only reason, since a proportion of 
the public always appears to be prepared to pay a higher price 
for additional features, even where they are only of secondary 
importance from a utilitarian point of view. 

Apart from the economic aspect, the slow advance of colour 
television can probably be traced to a general distrust on the 
part of the public of the level of technical perfection achieved 
in present-day colour receivers. Owing to the much more 
complex nature of the cathode-ray tube and the electrical signals 
to be handled, it is more likely that slight maladjustments in the 
receiver will deteriorate the picture quality and lead to serious 
colour errors, which can be far more objectionable than the 
picture deterioration due to maladjustments in a monochrome 
receiver. Reports of early colour receivers needing a ‘resident 
engineer’ to maintain picture quality have probably created a 
bad impression which may have survived subsequent improve- 
ments. The fact remains, however, that even the later colour 
receivers are much more critical in this respect than monochrome 
receivers. 

Some additional unfavourable features of colour receivers are 
mainly due to the display element which is now generally used, 
the shadow-mask tube. The maximum scanning angle achieved 
up to the present in these tubes does not exceed 70°, which leads 
to a large depth of cabinet, as in the earlier monochrome receivers. 
With these the trend has been to increase the scanning angle 
and reduce the depth of cabinet, leading to an aesthetically more 
acceptable design of cabinet. A colour picture of high quality 
can only be maintained on these tubes at comparatively low 
levels of ambient illumination owing to the limited picture 
brightness obtainable, which is still below that of a monochrome 
tube, and owing to the loss of colour saturation as a result of 
the reflected white light. Finally, the complex nature of the 
shadow-mask tube leads to a high manufacturing price and 
therefore the tube-replacement cost is well above that of a 
monochrome cathode-ray tube. 

In view of this situation a programme was started in 1955 to 
investigate a possible alternative method of colour-television 
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display. A critical survey was made of the existing and proposed 
devices. In nearly every case the picture is presented on the 
screen of a cathode-ray tube containing a 2-dimensional array 
of phosphor elements juminescing in the three primary colours 
under electron bombardment. For a picture with high definition, 
the size of the phosphor elements, in at least one dimension for 
a line pattern and in both dimensions for a dot pattern, must be 
considerably smaller than the size of a picture element to enable 
the generation of the three primary colours within each element. 
The problem of striking the correct phosphors with the appro- 
priate intensities of the scanning electron beam necessitates the 
use of masks, grids or reflex elements which must be located 
with a very high degree of accuracy in relation to the screen.!~+ 

The alternative approach, of a projection system employing 
three smal] tubes, each with a screen luminescing in one of the 
primary colours, appeared to be at least as expensive and has 
other deficiencies with respect to picture quality. 

It was therefore decided to investigate the possibility of using 
a cathode-ray tube where a single repetitive line scan was pro- 
duced in the three primary colours, combined with auxiliary 
means outside the tube for shifting the apparent position of the 
line to produce the required field scan. A cathode-ray tube of 
this kind could obviously be manufactured at only a fraction of 
the cost of any of the proposed 2-dimensional types of display 
tube, thus leaving a generous margin for the cost of the addi- 
tional equipment to produce the field scan. Such a system 
seemed to offer at least the possibility of a reduction in manu- 
facturing price of the receiver combined with a much lower cost 
of tube replacement, 

A widely ranging study of auxiliary field-scan methods> 
finally led to the development of what has been termed the 
‘banana-tube’ display system,® which in its present form is 
discussed in detail in companion papers. It may be useful to 
point out at this stage that this display system is still in a purely 
experimental phase and that the preliminary results given in 
these papers are not intended to serve as proposals for a fully 
developed domestic receiver. 


(2) OPTICAL SYSTEM 


(2.1) General Discussion of the Optical System 


Various methods of effecting the vertical displacement of the 
line in order to constitute the picture can be visualized. In 
general, however, the picture can be presented in either of two 
basically different ways, 


(2.1.1) Projection. 


In the first method the line as displayed on the narrow screen 
in the tube is projected on to a diffusing viewing screen, whilst 
the vertical movement of the line during the field period is 
effected with the aid of moving parts in the optical system. In 
this case, the light emitted from each picture element of the line 
screen in the tube must be brought into a corresponding sharp 
focus on the viewing screen. This system has the following two 
important disadvantages: 

(a) The light-collecting power of such an optical system is always 


comparatively low and the brightness of the picture suffers 
accordingly. 

(b) The geometrical accuracy of the reflecting or refracting 
surfaces in the optical elements must be very high to avoid loss of 
resolution in the picture. This will make the manufacture of these 
elements difficult and therefore expensive. 


(2.1.2) Direct Viewing. 
The second method consists of producing a virtual image of 
the line with the aid of optical elements where, once again, 


moving parts produce the vertical displacement of the apparent 
position of the line. The advantages of this way of presentation, 
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which might be termed a ‘direct-viewing’ method, are tk 
following: 


(a) Since the observer looks directly at a virtual image of the lir 
produced in the tube, its apparent brightness, apart from absorptio 
and reflection losses in the optical elements, will be the same as © 
the screen in the tube. The picture brightness is then determined t 
the apparent line-width in the final picture and the distance betwe« 
adjacent lines. ; 

(b) From each picture element only a narrow beam of light ray 
determined by the observer’s pupil, is used for a certain position « 
the observer. This means that only a very small part of the optic: 
elements contributes to the image formation for each picture elemen 
The requirements on the geometrical accuracy of the optical elemen 
are therefore far less stringent than in the case of a projected pictur 
Large area deviations of accuracy in these elements produce distc 
tions in the picture without loss of resolution. 

(c) The length of the line as scanned in the cathode-ray tube ca 
be the same as the width required for the final picture. The optic 
elements can therefore be cylindrical, which facilitates their mam 
facture, and the picture resolution in the line direction will be pure 
determined by the resolution in the line direction in the tube. | 


For these reasons the direct-viewing method of presentatio 
with the aid of cylindrical optical elements was chosen. 


(2.2) Cylindrical Optics 


It is necessary at this point to recall some of the properties ¢ 
cylindrical optical elements in more detail. 


(2.2.1) Astigmatism: Point Image and Slit Image. 


A cylindrical mirror or lens has a certain finite focal lenst 
in a plane at right angles to its cylindrical axis, whereas in plane 
parallel to its axis the focal length is infinite. Such an elemes 
will form an astigmatic image of a point object. This is ills 
trated in Fig. 1, where a point object O is observed through 
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VERTICAL PLANE 


ee oe cee 


el 
— 


HORIZONTAL PLANE 


Fig. 1.—Slit image, A, and picture image, B, formed by a cylindric 
optical element, E, when observing a point object, O. 


cylindrical lens E, with its cylindrical axis located horizontal! 
In a vertical plane the rays appear to diverge from an ima 
axis, A, parallel to the cylindrical axis. The position of 
depends on the characteristics of the element E and its d 
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osition relative to the eye and the object. In the plane con- 
aining the eye and the image axis the rays appear to diverge 
rom a point image, B. This lies at a distance from the eye 
which is equal to the total optical path from the object to the 
ye. 

Viewing O through E with one eye only, it is not possible to 
Jetermine whether the image is at A or B. Convergence of the 
wo eyes, however, is a far better guide to the position of an 
object than the focusing of each individual eye, and consequently, 
srovided that the observer’s head is upright, the image appears 
io lie at B. Axis A is like a slit through which B is observed 
and has therefore been termed the ‘slit image’. 


2.2.2) Travelling-Slit Image and Picture Image. 


_ An auxiliary field scan can be achieved by the appropriate 
movement of a cylindrical element parallel to its axis. This 
displaces the slit image of the line in the tube through a raster, 
thus forming a ‘travelling-slit image’. The line can be observed 
in successive positions, building up the ‘picture image’ on an 
image surface, of which B is a part, through this travelling-slit 
image. The shape of the image surface is determined by the 
optical path lengths from the line screen in the tube to the eye 
in the various positions of the optical element. The picture 
image is always virtual, whereas the slit image can be either real 
or virtual. 

_ The apparent height of the picture image is given by the 
projection of the travelling-slit image from the eye on to the 
image surface, and so depends on the position of the observer. 
The width of the picture, on the other hand, remains equal to 
the length of the line scanned in the tube. Consequently, some 
variation in the aspect ratio of the picture image will occur as 
the observer approaches or withdraws from the display. This 
distortion, and some possible eye-strain, can be minimized if 
slit image and picture image are close together. 


(2.2.3) Line Brightness, Angle of View and Magnification. 


The brightness of a stationary virtual image produced by an 
optical element is equal to the brightness of the object, provided 
that the pupil of the observer’s eye is completely filled with rays 
from the image, and neglecting absorption and reflection losses 
in the element. The element, however, can only collect a limited 
fraction of the light emitted by the object, which is determined 
by the geometrical conditions. This apparent contradiction is 
explained by the reduction in angle of view. 

- Consider a cylindrical element of which the useful area sub- 
tends an angle « to a small area of the object in a plane at right 
angles to its axis (see Fig. 2). If the useful area of the optical 


Fig. 2.—Angle of view and magnification obtained when observing 
an object O through a cylindrical optical element E. 


slement subtends an angie f to the slit image, then, an observer 
san only view the picture within an angle B diverging from the 
lit image. In the case of a line object with width D, the slit 
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image will show a line width d, which is roughly related to D 
by d/D ~ «|B. 

Owing to aberrations in the optical element, the value of d 
may vary considerably as the observer moves to catch different 
rays in the eye within the angle of view 8. The apparent line 
width in the picture image I is determined by the projection of d 
from the eye on to the picture-image surface, and hence depends 
on the distance of the observer from the slit image. In cases 
where slit image and picture image are close together compared 
with the distance of the observer, the line width of I is almost 
equal to d. 

Jn a plane parallel to the cylindrical axis, the magnification is 
unity and the angle of view is purely determined by the length 
of the cylindrical element and its distance to the object. 

In the case of a rotationally symmetrical projection element, 
the angle it subtends to the object is equally limited in the hori- 
zontal and vertical directions, and the limitation in viewing angle 
applies in the same way to both directions. In this case, however, 
the diffusing screen is employed as a means to increase the angle 
of view, but at the expense of the brightness, without further 
affecting the magnification, which has already been determined 
by the focal length of the element and its distance from the 
object. 

(2.3) Moving Element 


It has already been indicated that an auxiliary field scan can 
be obtained by the appropriate movement of a cylindrical ele- 
ment parallel to its horizontally placed axis. The slit image of 
the line in the tube can thus be moved through a raster and the 
picture image consists of the virtual images of the successive lines 
on the image surface, as observed through the travelling-slit 
image. 

The simplest mechanical movement which will shift the 
apparent position of the line is a rotation of the cylindrical ele- 
ment about an axis parallel to its cylindrical axis and to the line 
scanned in the tube. The mechanical problems would be very 
great if every field had to be generated completely by one single 
element, since this would require a rapid fly-back after the 
completion of each field. A continuous motion at constant 
speed can, however, be employed by using a drum which carries 
a number of identical elements that come into play successively 
as the drum rotates. 


(2.3.1) Mirror Drum. 

A comparatively straightforward system employs a mirror 
drum which carries a number of identical cylindrical mirror 
elements, combined with a cathode-ray tube with more or less 
conventional design characteristics, to produce a repetitive line 
scan on a triplet of phosphor lines, each fluorescing in a primary 
colour. A cross-section of such an arrangement in a vertical 
plane is illustrated in Fig. 3. 

Several difficulties arise with this system as a result of the 
asymmetry in the set-up for top and bottom of the picture. 
These will be discussed in more detail in Section 4. 


(2.3.2) Lens Drum. 

A very attractive symmetrical solution can be conceived in 
the form of a drum which carries a number of identical cylin- 
drical lenses, combined with a cathode-ray tube inside the drum, 
which generates the repetitive line scan, again on a triplet of 
phosphor stripes (see Fig. 4). The main problems in this 
arrangement will arise in the design of the required cathode-ray 
tube. 
(2.4) The Magnifying Element 

It has been pointed out in Section 2.2.3 that the vertical angle 
of view is increased with larger demagnification by the cylindrical 
element in a vertical plane. A reasonable vertical angle of view 
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Fig. 3.—Schematic of a line-scan tube observed in a rotating-mirror drum. 


A a IMAGE 


SLIT IMAGE 


OBSERVER 


Fig. 4.—Schematic of a line-scan tube observed through a rotating-lens drum. 


can be obtained if the slit image is close to the element. This 
implies that the distance covered by each optical element during 
its operative period is of the same order as the picture height. 
For a sufficiently large picture size the drum then becomes very 
bulky, with associated problems of wear and noise. For this 
reason it was considered necessary to limit the diameter of the 
rotating drum producing the field deflection and to add a 
stationary cylindrical optical element to magnify the slit image 
to its required size. The requirements for such a magnifying 
element are that the picture must be upright with little curvature 
in the picture image surface and, to the observer, should be 
apparently free from aberrations. 


Various types of cylindrical magnifying mirrors were co: 
sidered. The main problem was to satisfy the condition th: 
the mirror must produce a uniform image which does not di 
tort with a limited vertical movement of the observer. TH 
condition was particularly difficult to satisfy, since the mirre 
must be used in an off-axis position to avoid interruption of tk 
reflected rays by the drum. 

Under these conditions a cylindrical mirror with a hyperbo) 
cross-section finally appeared to give satisfactory results. Sua 
a mirror can be mounted with its cylindrical axis parallel : 
that of the rotating drum. In the vertical plane, the rays divergir: 
from the travelling-slit image formed by the rotating drum w) 


. 
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Fig. 5.—Picture formation in the banana-tube display system. 


then be focused in a second travelling-slit image. An observer 
with his head in the upright position again sees a picture image 
through or against this second travelling-slit image on a final 
virtual-image surface. This surface is determined once again 
by the total optical path lengths for each position of the rotating 
drum. This is illustrated in Fig. 5, where a stationary cylindrical 
mirror of hyperbolic cross-section has been added to the arrange- 
ment with a lens drum shown in Fig. 4. 

The magnification of the stationary mirror reduces the vertical 
angle of view correspondingly. The aberrations also increase 
with the magnification, but it was found experimentally that a 
inear magnification of approximately two can still provide a 
satisfactory solution. This allows a reasonable vertical move- 
ment of the observer at a normal viewing distance without 
‘ausing disturbing picture distortion. The horizontal angle of 
fiew of the system is still completely determined by the length 
f the cylindrical elements and the distance from the screen in 
he cathode-ray tube to the magnifying mirror. 

The line width in the final picture image is determined by the 
Werall demagnification in the vertical plane. For maximum 
Yicture brightness the width of a line should be as large as is 
ompatible with satisfactory resolution in the frame direction. 
‘ince the lines will normally consist of colour triplets, it was 
ound that a good resolution can still be obtained when the 
riplets of adjacent lines in the picture overlap to a certain extent. 
the width of the line scanned in the tube can thus be chosen 
ccordingly. 


(3) THE CATHODE-RAY TUBE 


(3.1) Basic Concept 


An important element of the type of display system under 
discussion is the cathode-ray tube. The design of this tube 
depends very largely on the optical system adopted. In each 
case, however, the tube will contain at least one electron gun 
and a narrow phosphor screen on which each successive colour 
line can be generated. 

The simplest method of producing a single colour line with a 
dot-sequential system is to scan the electron beam along three 
narrow parallel phosphor stripes fluorescing in the primary 
colours. The colour selection can then take place by applying 
spot-wobble, where a high-frequency lateral deflection of the 
electron spot is introduced. If phase and amplitude of the spot- 
wobble deflection are correctly adjusted, the electron beam 
should always strike the correct phosphor at the time when the 
corresponding colour signal is applied to the electron gun of the 
tube. This method of colour presentation does, however, 
require a high degree of accuracy in the tracking of the scanning 
beam along the phosphor stripes, and is discussed in greater 
detail elsewhere.” 


(3.2) Mallet Tube 


A mirror drum, as described in Section 2.3.1, imposes few 
restrictions on the design of the cathode-ray tube. Consequently, 
a tube can be conceived which makes full use of conventional 
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Fig. 6.—Mallet tube. 


cathode-ray-tube techniques, taking into account that the 
screen has substantially only one dimension. Fig. 6 illustrates 
an example of such a tube, which in essence consists of a tubular 
body containing the screen parallel to its axis, and a thinner 
tubular neck at right angles to the main body containing the 
electron gun; hence the name ‘mallet’ tube. The neck can be 
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of the drum in their operative positions should be as large as 
possible to avoid excessive vertical brightness variations in the 
picture due to oblique viewing of the stripes in the extreme 
positions of the lenses. This implies that the stripes should be 
viewed from the side where the electron beam is incident. An 
additional advantage of this way of viewing is the possibility o! 
applying the phosphor stripes to a separate metal carrier. This 
can be processed and coated outside the tube, and also provides 
better cooling of the screen at high electron-beam currents. 

Fig. 7 shows a diagrammatic cross-section of such a tube 
which, because of its geometry and by analogy with the Americar 
‘apple’ tube for colour display,* has been called the ‘banana’ tube 


(3.3.2) The Deflection System. 


Normal line-deflection coils around the neck of the tube car 
provide a line scan along the phosphor stripes. Owing to th: 
very small angle of approach of the electron beam towards the 
far end of the screen (see Fig. 8), the resulting elliptical spo 
will then be so much elongated that the resolution in the line 
direction is completely inadequate. With the tube geometry 2: 
described, it is clear that a substantial increase in the angle 9 
incidence of the electron beam at the far end of the phosphs 
screen can be obtained only by introducing a deflecting fiei 
along the main body of the tube. 


GLASS ENVELOPE 


TIN OXIDE COATING 


SCREEN CARRIER 


PHOSPHOR STRIPES 


PHOSPHOR SCREEN ASSEMBLY 


METAL SUBSTRATE FOR PHOSPHORS 


Fig. 7.—Banana tube. 


flared in the direction of the line scan to allow a large deflection 
angle. 

The line deflection can be effected by conventional scanning 
coils around the neck and is symmetrical. Usual methods may 
be employed to improve the spot size at both ends of the line if 
required, No particular difficulties are encountered in adjusting 
beam-centring and deflection coils in order to achieve correct 
tracking of the spot along the phosphor strips. Spot wobble 
can also be achieved with conventional means and a symmetrical 
amplitude correction may be added if necessary. The three 
phosphor lines can be applied directly to the glass wall of the 
tube and backed with a thin metal coating in the usual manner, 
thus avoiding light reflections inside the tube. 


(3.3) Banana Tube 
(3.3.1) Geometrical Design. 


A cathode-ray tube which can be employed with a lens drum 
must be of unconventional design to fit inside the rotating drum. 
A logical design, which also seems very attractive from a pro- 
duction point of view, is where the main body of the tube con- 
sists of a tubular glass envelope which contains the phosphor 
stripes parallel to its axis. One end of this tube is sealed and the 
other end is joined to a tubular neck of smaller diameter con- 
taining the electron gun. The neck of the tube can project through 
an opening in one of the end plates of the drum, thus providing 
easy access to deflection and focusing arrangements around the 
neck of the tube, if these are required. 

The distance from the phosphor stripes to the rotating lenses 


Early experiments with electrostatic deflecting fields inside th 
tube were disappointing as a result of wall charges building u 
between electrode surfaces, leading to instabilities in the defle: 
tion. This effect could be avoided by providing the tube wa 
with a continuous conductive coating at screen potential an 


DEFLECTION CENTRE 


ELECTRON GUN 


Fig. 8.—Schematic of electron paths in a banana tube witho 
permanent magnetic deflecting field. 


introducing a magnetic field at right angles to the trajecto: 
plane of the electron beam to deflect this beam on to the scree 
A complete line could in this way be scanned with the aid | 
deflection coils alongside the main body of the tube, but ¢ 
deflection energy required to energize the comparatively lar 
coils was considered to be prohibitive. For this reason 
deflection system is now being used which consists of conve 
tional line-deflection coils around the neck of the tube, combing 
with a constant magnetic field across the main body of the tul 
provided by a permanent-magnet system. 

A further increase in the angle of approach at the far end 
the screen has been obtained by providing a suitable gradie 
in the magnetic field strength, which increases towards the et 
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Schematic of electron paths in a banana tube with a 
permanent magnetic deflecting field. 


f the tube. Fig. 9 shows a diagram of some electron paths 
or different deflection currents through the line coils. 


The permanent-magnet assembly must satisfy the following 
wo geometrical requirements: 


(a) The assembly, including pole shoes, must allow an unob- 
structed view of the screen by the lenses in their operative positions. 
(5) Since a maximum diameter of the cathode-ray tube inside 
the drum is desirable for a good spot size, the components of the 
pe sembly should extend as little as possible beyond the diameter of 


Fig. 10 shows a schematic of the magnet assembly as it is 
ipplied at present. Two pole shoes in the form of flat mild-steel 
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stripes, the phosphors must be able to withstand a high average 
loading without a serious loss of efficiency. Small flaws in the 
narrow stripes must also be avoided, since they would give rise 
to dark vertical lines in the picture. 

(c) The phosphors must be of sufficiently high efficiencies, and 
correctly matched in efficiencies and colour points to allow a 
high-quality colour rendering. 

(3.3.4) Dimensions of the Screen. 

For a picture width of 40cm, as used at present, the length 
of the phosphor stripes should also be 40cm. The height of 
the final picture must then be 30cm and the width of one triplet 
of colour lines in this picture is limited by the required vertical 
resolution. Taking a field blanking of 7% into account with a 
405-line standard, 377 lines should be resolved. 

It has been found experimentally that the line triplets in the 
picture may overlap to a certain extent without impairing the 
vertical resolution. This should be expected, since the lines in 
each colour are much narrower than the triplet itself and can 
therefore still be completely separated when the triplets start to 
overlap. The only result is that the three colour pictures are 
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Fig. 10.—Permanent-magnet assembly used with the banana tube. 


bars extend along the major part of the tube. They are inter- 
connected at the far end of the tube by a permanent magnet 
which has been magnetized in the direction at right angles to the 
Screen to deflect the electron beam towards the strips. 

A more detailed discussion of the present method of beam 
deflection and its effect on beam focus is given in a paper® 
which deals specifically with the banana tube. 


(3.3.3) Phosphor Requirements. 

The phosphor screen consists of three closely-spaced phosphor 
Strips luminescing under electron bombardment in the three 
primary colours, red, green and blue. The main requirements 
which the phosphors must meet are: 

(a) The decay of the luminescence, after the excitation ceases, 
must be sufficiently short to avoid vertical streaking in the 


picture. 
_ (b) Because every line is scanned on the same phosphor 


slightly displaced with respect to each other in the vertical 
direction. A line triplet occupying just over one-and-a-half 
line widths in the final picture does not appear to cause a notice- 
able loss of vertical resolution. This means that in our case 
(405 lines, picture size 30 x 40cm) the width of one triplet in 
the picture may be approximately 1-4mm. 

The width of the screen triplet in the tube is then determined 
by the overall demagnification in the optical elements. In the 
present system this is approximately a factor 5 for the centre 
of the picture, increasing slightly towards top and bottom. The 
width of the line triplet scanned in the cathode-ray tube may 
therefore be approximately 7mm. Each colour stripe has been 
given a width of 2mm, with gaps of 1mm between the stripes. 

Wide gaps and stripes are advantageous from the point of 
view of avoiding colour pollution due to finite spot size? and 
of minimizing the effect of small flaws in the screen. They also 
facilitate the problem of tracking but, on the other hand, require 


584 


a higher electron-beam current to produce the same brightness 
over the wider phosphor area. 


(4) COMPARISON OF MIRROR-DRUM AND LENS-DRUM 
SYSTEMS 

It has been pointed out in Section 2 that a lens drum has 
significant advantages over a mirror drum when considering 
their optical merits. On the other hand, it became evident in 
Section 3 that the cathode-ray tube required for a mirror drum 
presents fewer difficulties. 

The various advantages and disadvantages of the complete 
systems can now be compared to allow a choice between the 
two. Consequently, only those features are considered which 
are different for the two approaches and other colour-display 
devices are not included at this stage 


(4.1) Advantages of the Mirror-Drum System 


The main advantage of the mirror-drum system is the possi- 
bility of employing more or less conventional methods to generate 
a symmetrical line scan. This eases the problems of setting-up 
for correct tracking, achieving the desired spot wobble and 
obtaining a good resolution with the best spot size in the central 
area of the picture. It also makes the system somewhat less 
vulnerable to extraneous magnetic fields, such as the earth’s 
field, since the path lengths of the electron beam from gun to 
screen are shorter and vary less during the line scan. 

The second advantage is of a mechanical nature. A mirror 
drum can be mounted ona central shaft, and this is more satis- 
factory from the point of view of bearings than a lens drum with 
one open end through which a cathode-ray tube protrudes, 

A minor point in favour of the mirror-drum system is that 
the length of the mallet tube is only determined by the length of 
its screen. The cabinet does not, therefore, require a greater 
width than the length of the optical elements. With the banana 
tube, on the other hand, the neck of the tube adds to the length 
of the screen as well as to the distance from deflection centre to 
screen stripes. This increases the minimum width of the 
cabinet. 


(4.2) Advantages of the Lens-Drum System 


A very important feature in favour of the lens drum is the 
symmetrical nature of the first travelling-slit image. The dis- 
tance of the screen in the tube to the cylindrical lenses in their 
operative positions does not vary unduly, in contrast to the 
system with the mirror drum where this distance will vary 
considerably and is also larger. 

The first result of this is that the demagnification of the line 
width is much more uniform with the lens drum, thus avoiding 
noticeable brightness variations in the picture image. Secondly, 
it is much easier to obtain a final picture image which appears 
vertical to an observer in the normal viewing position. Thirdly, 
the final picture image will appear closer behind the stationary 
magnifying mirror in the lens-drum system, thus increasing the 
useful angle of view for the same size of mirror. 

A mirror drum combined with a stationary cylindrical mirror 
will always reflect a considerable proportion of any incident 
light received from the observer’s surroundings. This propor- 
tion can be reduced by a decrease in the reflecting area of the 
drum. The areas between the cylindrical mirrors can be made 
highly light-absorbing and could be extended at the expense of 
the width of the mirror surfaces. In order to maintain the 
vertical angle of view, this implies that the optical demagnifica- 
tion of these elements should then be further increased, necessi- 
tating an excessively high beam current in the tube to maintain 
the correct line width, and therefore the brightness, in the final 
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picture. An additional cylindrical magnifying lens in cla 
proximity to the screen in the tube can only partly overcome t 
last objection. The situation with a lens drum is much mo 
favourable in this respect, since the lenses will reflect only a ve 
small proportion of any incident light. 

Whereas the width of the cabinet required for a lens dru 
system may be somewhat larger than for a system employing 
mirror drum (see Section 4.1), the depth of the cabinet can | 
considerably smaller. This is due to the much more compa 
arrangement with the lens drum, where the tube is placed insi 
the drum and consequently does not take up additional space. 


(4.3) Conclusion 


After some initial experiments with both systems a comple 
experimental model with a mirror drum and mallet tube w 
constructed, and also a model of the lens-drum system. T! 
respective merits of the two systems were completely confirm: 
on the experimental models, and it was concluded that, in pa 
ticular, the implications of the symmetrical nature of the fi 
travelling-slit image formed by the lens drum, as discussed 
Section 4.2, were sufficiently important to decide in favour | 
this system. 

The following Sections are therefore concerned only with 4] 
banana-tube display system. 


(5) PRELIMINARY DISCUSSION OF THE DISPLAY DEVié 


The significant features of the display system in its prese 
form are fully dealt with elsewhere.”-!! It should therefore suffi 
in this more general survey of the system to mention some of ¢! 
most important ones and to discuss them briefly. 


(5.1) Economic Aspects 


The banana tube itself will obviously be cheaper to man 
facture than any of the proposed colour tubes, and may ev 
prove to compare favourably with an ordinary monochror 
tube for the same picture size. The amount of raw materi 
involved alone is only a fraction of that required for a standa: 
tube. This is illustrated by comparing the weights of vario 
tubes: 


17in monochrome tube (110° deflection) 121b 
21in monochrome tube (110° deflection) 221b 
Shadow-mask tube 36°51b 
Banana tube 2:Slb 


The lower cost of the tube is off-set by the requirement | 
additional components for the optical system, of which t 
magnifying mirror, the lens drum and the driving gear are 4 
major items. For a domestic receiver the circuits required | 
operate a single-gun colour tube and the cabinet design a’ 
play an important part. | 

Preliminary estimates for these items lead to the concluss 
that it seems likely that a receiver based on the present sys 
can compare favourably with a shadow-mask-tube receiver. 


(5.2) Picture Contrast 


A very important feature of the banana-tube display syst’ 
as described is its unique characteristic of maintaining a hi 
contrast ratio in the picture with ambient illumination. This 
due to the fact that the segments of the drum between the le 
can be made matt black, thus presenting the picture agains: 
highly non-reflective background. 

Any light reflections inside the drum must be avoided as mu 
as possible to increase the basic contrast ratio on the pic 
With present tubes a ratio in the picture of 40 to 1 can easily 
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»btained. The decrease in this contrast ratio with increasing 
umbient Ulumination levels will then be far smaller than for any 
lomestic display system. 


(5.3) Picture Brightness and Beam Current 


The picture brightness is determined by the beam current in 
he tube. This is ultimately limited by the characteristics of 
he electron gun and the maximum permissible screen loading. 
tis possible to derive some theoretical values of the beam current 
equired to obtain a picture brightness comparable to that which 
an be obtained with a 21 in shadow-mask tube by the following 
onsiderations. 

According to the published data for this tube a white raster 
with an average brightness of 10ft-L can be obtained at 25kV 
creen potential with the following beam currents: 


BA 
Red gun 350 
Green gun BAG 
Blue gun 133 
700 


If phosphors with the same lumen efficiencies were used in 
he banana tube, also operating at 25kV, the same picture 
rightness could be obtained for different average beam currents 
yn each of the phosphor stripes, which can be deduced from the 
ollowing considerations: 

(a) A beam current, J, in the shadow-mask tube leads to 0°15 J 
effective screen current due to the interception of current by the 
shadow-mask. 

(6) The glass face of the shadow-mask tube has a transparency 
of 72% to increase the contrast ratio with ambient illumination. 
‘This further reduces the effective beam current in the tube by a 
factor 0-72. 

(c) The glass wall of the banana tube, the cylindrical lenses and 
the magnifying mirror will each absorb about 8% of the light. The 
combined effect is that the required beam current for each colour 
will be higher by a factor of about 1-3 than in the shadow-mask tube. 

(d} The line width in the banana tube is demagnified in the 
optical system by a factor of about 5. . Consequently, the tube 
requires 5 times as much beam current on each phosphor stripe. 

(e) The area scanned by the electron beam in the shadow-mask 
tube, including the invisible corners of the picture, is approximately 
300in2. With the banana tube the displayed picture area is 
12 x 16 = 192in2. This reduces the required beam current by a 
factor 192/300 = 0-64. 


The combined effect of these factors is that the average currents 
n the banana tube on each of the three phosphor stripes, 
lecessary to produce a white raster of the same brightness, 
should be approximately 0-15 x 0-72 x 1:3 x 5 x 0:64 ~ 0°45 
imes as high as in the shadow-mask tube. 

In practice, the efficiencies of the green and blue phosphors 
ire somewhat reduced in the banana tube in order to produce a 
white raster when the unmodulated spot is wobbled across the 
Shosphor triplet. When the amplitude is adjusted to obtain a 
luty cycle of approximately 110° on the red phosphor, 110° on 
jue and 70° on green, a white raster is generated. With an 
inmodulated electron beam, this means that the average beam 
urrent required to produce a white raster should be 360/110 
imes the beam current on the red phosphor. The value of such 
1 beam current is then 0°45 x 360/110 x 350 ~ 510A for a 
rightness of 10 ft-L. 

Actual measurements of the beam current in a tube, with the 
jicture brightness at 10ft-L, yielded values of approximately 
00 wA, and this completely confirmed the theoretical value. 


(5.4) Picture Size and Cabinet Design 


During the initial stage of investigating the general charac- 
eristics of the display system, the final picture size was only of 
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secondary importance. The present picture size of 12 x 16in 
with a diagonal of 20in has therefore been chosen quite arbi- 
trarily. Any other picture size, if desired, could be obtained in 
future by scaling the present dimensions of the components up 
or down. 

Alternatively, it would be possible to increase the picture size 
by a limited amount by lengthening the tube and the optical 
elements and increasing the magnification in the mirror, or by 
scaling up the drum and increasing the length of the tube but 
leaving the magnification in the mirror, and consequently the 
vertical angle of view, unchanged. The final choice of the 
dimensions of the various components can therefore also be 
influenced by other factors concerned, for instance, with the 
design of the cabinet. 

With regard to the cabinet design, there is one other aspect 
of the system which is worth mentioning. The horizontal angle 
of view is determined by the width of the mirrors. This leads 
to a certain minimum cabinet width which is larger than that 
required for an orthodox cathode-ray tube. The minimum 
depth of the cabinet, on the other hand, is determined by the 
diameter of the drum and its distance in front of the mirror, and 
can be considerably smaller than that for the present shadow- 
mask tube. Consequently, the cabinet for a banana-tube display 
device can be designed in a more contemporary style. 


(5.5) Possible Further Improvements in the Display Device 


If the final aim is to produce a successful domestic receiver, 
further development of the present display device should have 
two objectives. In the first place, cheap mass-production methods 
should be investigated for the optical and mechanical components 
of the system,!! whilst establishing how much various components 
can be simplified without undue sacrifice in picture quality. 
This could further reduce the price of a receiver and make this 
even more attractive from an economic point of view. Secondly, 
the present design of the banana tube itself can not yet be 
regarded as providing the best solution possible. In particular, 
its sensitivity to extraneous magnetic fields may well be con- 
sidered to be a serious disadvantage, whereas a simplification in 
the setting-up procedure for correct tracking of the scanning 
electron beam along the phosphor stripes is also desirable. 

It may be possible to avoid these difficulties with a modified 
type of banana tube in which the principle of ‘positive guidance’ 
is applied to the electron beam. This might, for instance, be 
achieved by introducing an electrostatic field inside the tube, 
with the property that it corrects small sideways deviations of the 
electron beam from its correct trajectory plane, due to slight 
misalignments of the focus and deflection units or to extraneous 
magnetic fields. 


(6) CONCLUSION 


The banana-tube display system as described herxe has not yet 
outgrown the laboratory stage. Whether it will ever be applied 
in domestic colour receivers in competition with the now well- 
established shadow-mask tube is still very much an open 
question. The answer to it must depend to a large extent on a 
realistic assessment of its present performance and its potential 
advantages. 

When considering the possible future of the device the fact 
has to be borne in mind that an unconventional alternative to 
an already established technique must offer some clear advan- 
tages. In the case of the banana tube the possible advantages 
to aim at are a lower receiver cost, lower cost of tube replace- 
ment, and the ease of setting-up and maintaining a good colour 
picture. It must also be taken into account that the shadow- 
mask tube in its present form is the result of a major research 
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and engineering effort over a considerable period of time, whereas 
the banana-tube display device is still in an early stage of 
development and therefore more likely to be subject to further 
significant improvements. 

The most unconventional features of the display device are 
the picture presentation in the form of a virtual image suspended 
in space behind the viewing mirror, and the introduction of 
mechanically moving components in the system. It is difficult 
to predict the psychological reaction of the viewing public to 
this type of picture presentation. The limited number of 
observers who have seen the pictures certainly did not object 
to the virtual image, whilst the flatness of the picture plane and 
the absence of corner cutting were considered to be a clear 
advantage. 

The introduction of moving parts with the inherent problems 
of wear and noise raises a more fundamental objection. This 
can be overcome in a domestic receiver only if their presence is 
sufficiently concealed, and if the rotating elements are properly 
engineered to reduce the wear and noise problems to a minimum. 
Other favourable features of the receiver, either of an economic 
nature or from the point of view of being able to obtain consis- 
tently good picture quality without a very complicated adjust- 
ment procedure, must then compensate for this fundamental 
objection. 
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SUMMARY 

The unconventional system of beam deflection and spot formation 
in the banana tube is considered in detail. The discussion of electron 
optics includes a formulation of the requirements for the permanent- 
magnetic deflecting field, with a detailed description of the effect of 
this field on the electron spot, as well as the scanning and focusing 
Means employed. 

The tube technology is considered in broad outline, including certain 
aspects of manfacture. 


(1) INTRODUCTION 


A colour-television display system, where the field scan of 
the raster is effected by means of a rotating lens drum, requires 
an unconventional type of cathode-ray tube. The ‘banana’ tube 
has been developed for this application. 

The tube must satisfy the special requirements imposed by 
the display system which are, basically, 

(a) The tube must contain a phosphor screen, consisting of three 

- narrow parallel phosphor stripes, each fluorescing in one of the 
primary colours when bombarded by a scanning electron beam. 

(6) It must be possible to locate the tube inside a lens drum with 
its screen parallel to the axis of the drum and at a maximum distance 
from the operative positions of the rotating cylindrical lenses. 

(c) An unobstructed view of the screen must be provided along 
its entire length with a viewing angle of at least 85° at right angles 
to the axis of the drum. ; 

The simplest tube geometry, suggested by the combination of 
‘these three requirements, is that of the banana tube. The main 
body of this tube consists of a tubular glass envelope, in which 
‘the phosphor screen is located parallel to the axis of the tube 
and close to its wall. The tube is sealed at one end and joined 
at the other to a tubular neck of smaller diameter, containing the 
electron gun (see Fig. 1). 


Fig. 1.—The banana tube. 


This construction provides mechanical strength, as well as 
cheap and easy manufacture. A serious disadvantage is that 
the electron beam enters the main body of the tube near one 
end of the screen and at only a short distance above it. This 
makes it difficult to obtain a sufficiently small spot size along the 
entire length of the screen. Unconventional methods must 
therefore be employed to deflect and focus the electron beam 
on to the screen. 


Mr. Eastwell and Dr. Schagen are at the Mullard Research Laboratories. 


(2) ELECTRON OPTICS OF THE BANANA TUBE 
(2.1) Formation of the Electron Beam 


Every cathode-ray tube must satisfy the basic requirement that 
it should be capable of producing sufficiently bright pictures 
while maintaining an acceptable resolution. Greater brightness 
can be obtained by an increase in beam current, which normally 
implies an increase in spot size and therefore a reduction in 
picture resolution. The result is that, in practice, a reasonable 
compromise is usually established between picture brightness 
and resolution. 

In colour display tubes this problem is further aggravated by 
the fact that the average luminous efficiency of the three phos- 
phors is lower than that of the white phosphor in a monochrome 
tube, and that not all the electrons in the scanning beam neces- 
sarily strike phosphor particles. It is therefore necessary to 
design the electron gun and the deflection and focusing means 
even more carefully. 

A considerable improvement can be expected from the use of 
three separate electron guns, producing electron beams which 
scan the three phosphors simultaneously. This method, which 
is employed in the shadowmask tube, does, however, create 
other problems, such as the correct positioning of the three spots 
at any moment. For this reason a single electron gun has been 
preferred for the banana tube. 

An improvement in spot size can be achieved by increasing the 
velocity of the electrons in the beam, i.e. by applying the maxi- 
mum tolerable potential to the tube. This decreases aberrations 
in the electron optics of the electron gun, and reduces space- 
charge effects in the beam, while at the same time increasing the 
light output of the phosphor screen for the same beam current. 

A higher working potential does, of course, introduce more 
severe insulation and X-ray problems, and 25kV appears to be 
a reasonable compromise, in practice, for a domestic receiver. 


(2.1.1) The Electron Gun. 


An analysis of the optical design characteristics of the display 
system as employed at present! indicates that adequate picture 
brightness can be obtained with peak beam currents in the 
banana tube not exceeding 3mA, for a working potential of 
25kV across the tube. 

With a conventional gun design, the required drive voltage 
for this operation can be limited to an amplitude of approxi- 
mately 100 V, which is a reasonable value from a circuitry point 
of view. 

For a given angle of divergence of the electron beam emerging 
from the gun, the dimensions of the crossover inside the gun 
should be as small as possible to ensure a minimum spot size on 
the screen. ‘ 

The best type of electron gun for this purpose appears to be a 
triode. The dimensions can be adjusted to obtain a cut-off 
potential of approximately 100 V for a final-anode potential of 
25kV. With an average cathode loading of just over 1A/cm?, 
a reasonably small crossover is obtainable. 
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(2.1.2) The Focus Lens. 

The purpose of the focus lens is to provide an image of the 
crossover on the phosphor screen. Ignoring aberrations in the 
lens and beam widening as a result of space-charge repulsion, 
the spot size is determined by the image magnification produced 
by the lens. The magnification is approximately equal to the 
ratio of the distances of the image (spot) and the object (cross- 
over) from this lens. 

As the lens is moved away from the crossover, the resulting 
magnification decreases and a smaller spot size should be 
obtained. For a given angle of divergence of the electron beam, 
however, the diameter of the beam inside the lens increases with 
the object distance. This leads to a deterioration in spot size 
due to lens aberrations, and in the banana tube it also increases 
the aberrations in the deflecting field, which are discussed in 
Section 2.2. Consequently, there will be a maximum distance 
for optimum results. 

In the initial stage of the project a high-quality electro- 
magnetic focusing lens has been used to facilitate experimental 
variations in the strength of the lens. It has been established, 
however, that comparable results can be obtained with permanent- 
magnet focusing which would be preferred on economic grounds 
and for simplicity. 


(2.2) Deflection of the Electron Beam 


The spot-size problem of a colour display tube in general is 
more acute in the banana tube, due to the unusual geometry 
which creates two further complications. 

If normal line-deflection coils are used round the neck of the 
tube to scan the electron beam along the phosphor stripes, the 
angle of incidence of this beam becomes progressively smaller 
as the beam approaches the far end of the screen (see Fig. 2). 


DEFLECTION CENTRE 
ELECTRON GUN 


ELECTRON PATHS FOR THREE DIFFERENT 
DEFLECTION ANGLES 


Fig. 2.—The electron paths in a banana tube without a 
permanent-magnet deflection field. 


The resulting elliptical spot thus becomes so elongated that the 
resolution in the line direction is completely inadequate. 

Secondly, the difference in path lengths for the electron beam 
to the near and the far end of the screen is such that the required 
amounts of beam focusing are substantially different in the 
two cases. 

An attempt must be made to reduce both these effects as 
much as possible by the method of beam deflection employed. 


(2.2.1) The Line-Deflection System. 


Obtaining a suitable spot size at the gun end of the screen 
does not present any fundamental difficulties, since the angle of 
approach is moderately large (approximately 25°), and the 
distance to the focus lens is comparatively small, thus yielding 
a favourable object-to-image ratio for the spot. The main 
improvement, therefore, must take place towards the far end of 
the screen. 

The first and major improvement there can be achieved by an 
increased angle of incidence. This can be obtained by causing 
the electron trajectories to deviate from a straight line. In 
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other words, the main body of the tube should not be a field-fre 
space, but must contain deflecting fields, either electrostatic « 
magnetic, or a combination of both which curves the electro 
paths towards the screen. 

The initial approach has been along the lines of an electr¢ 
static deflecting field. It was soon apparent that instabilitie 
in the deflection were difficult to avoid. These were cause 
by breakdown of insulation between electrodes and the builc 
ing up of wall charges between electrode surfaces. Exper 
mental variations in the field configuration were also difficu 
to realize. Because of these technological difficulties the effo: 
was subsequently concentrated on magnetic fields. This ha 
two important advantages: 


(a) The optimum configuration of the magnetic deflecting fiei 
could be investigated without altering the design of the tube fe 
each experiment. ' 

(6) Since the main body of the tube was free from electric field: 
insulation problems were avoided. 


Magnetic fields acting on the electron beam in the main bod 
of the tube can be generated by coils or by permanent magnet 
with suitable pole-shoes. With a tube diameter of 10cm, th 
distance from deflecting coils along the side of the tube to th 
electron beam is much larger than in the normal case of bear 
deflection in the neck of a cathode-ray tube. This, combins 
with the necessarily large dimensions of the coils, would lead é 
abnormally high deflection powers if the complete line scan 2 
the electron beam were to be achieved with these coils. 

It was therefore decided to generate the line scan in ti 
normal way with the aid of scanning coils round the neck of ti 
tube, and to set up a constant magnetic field in the main bod 
of the tube to curve the electron trajectories in an appropriat 
manner. 


(2.2.2) The Permanent-Magnet Deflecting Field. 


A trajectory plane can be considered through the axis of th 
tube and cutting the phosphor screen along the line which mus 
be scanned. 

The line deflection in the neck of the tube varies the angle ¢ 
entry of the electron beam into the main body of the tubs 
The magnetic field must then be perpendicular to this plane i 
order to bend the electron trajectories towards the screen. 

The effect will now be considered of the magnetic field on th 
spot size in the line direction, which is the dimension of the spo 
affected by the small angle of incidence. 

A homogeneous magnetic field along the entire length of iH 
tube would result in electron trajectories with a constant radiu 
of curvature. With the main body of the tube about five tima 
as long as its diameter, this would allow only a limited increasi 
in the angle of incidence at the far end of the screen, where thi 
increase is most needed. If, on the other hand, the magnet’ 
field strength increases along the tube, the curvature of t!! 
trajectories will be increased as the electrons penetrate deep» 
into the tube, and larger angles of incidence can be obtaine 
(see Fig. 3). 

An increasing field strength along the length of the tube cz: 
also have a second beneficial effect on the spot size in the lis 
direction. This is due to the fact that the electrons near th 
top edge of the beam will strike the screen farther away fro: 
the neck of the tube than the electrons near the opposite ed: 
of the beam. Since these electrons penetrate deeper into th 
tube, where the deflecting field is stronger, they are deflected 
a greater extent. In this way the field provides an additiom 
focusing action in the line direction. This leads to a furth! 
improvement of the spot size in the line direction, since tit 
extra focusing action takes place towards the end of ti 
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ig. 3.—The electron paths in a banana tube with a permanent-magnet 
deflection field. 


rajectories, resulting in an advantageous object-to-image ratio 
or the spot. 


2.2.3) Astigmatism. 


In the previous Section the effect was considered of the 
ermanent deflecting field on the spot size in the line direction 
mly. If the field in each cross-section of the tube perpendicular 
O its axis were homogeneous, then the spot size in the field 
lirection would not be affected and some astigmatism would 
esult from the additional focusing action of the field in the 
ine direction. 

Since no obstruction can be tolerated in the required viewing 
ingle of the screen, the magnetic components must be located 
long the sides and/or bottom of the tube. This means that the 
ield in a cross-section of the tube cannot be made homogeneous 
ind an even more complicated form of astigmatism will result. 
With the magnetic components along the sides, the field in the 
op section of the tube, where the electrons pass on their way 
o the far end of the screen, will be curved in such a way that 
ome defocusing of the beam takes place in the line direction 
ind some additional focusing in the direction of the field scan. 
[his effect can lead to severe astigmatism in the spot at the far 
nd of the screen. It was found in practice that this astigmatism 
sould be considerably reduced by curving the field in the lower 
ialf of the tube in the opposite direction. 

A satisfactory arrangement for the magnetic deflecting field 
was achieved by placing a flat permanent magnet at the end of 
he tube, perpendicular to the trajectory plane, and extending 
he pole-pieces of mild steel in the shape of flat bars parallel to 
he axis of the tube along approximately two-thirds of the length 
of the main body towards the gun (see Fig. 4). The magnetic- 
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field gradient along the axis of the tube thus increases roughly 
as shown in Fig. 5, while the field in a cross-section of the tube 
at right angles to the axis is illustrated in Fig. 6. 


25 


% 10 20 30 40 
DISTANCE FROM MAGNET, cm 


Fig. 5.—The permanent-magnetic-field gradient along the axis of a 
banana tube. 


With this arrangement a small nearly-round spot on the 
screen can be obtained for the unscanned position of the spot, 
which, with the field strength applied in practice, appears at 
approximately two-thirds of the distance along the screen from 
the gun. 

At a beam current of 400A the dimensions of the spot in 
the line and field directions are approximately 0-6 and 0:5mm, 
which appear to be adequate for good resolution. 

The astigmatism in the spot at the far end of the screen, 


BARS 
MAGNET 


PHOSPHOR 
STRIP 


TUBE 


END VIEW SHOWING RELATIVE 
POSITION OF PHOSPHOR STRIP 


Fig. 4.—The permanent-magnet assembly used with a banana tube. 
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Fig. 6.—Cross-section of the permanent-magnetic field at right angles 
to the axis of a banana tube. 


introduced by the deflecting field, can be further reduced by a 
modification of the line-deflection coils, which normally generate 
a homogeneous field. Insertion of narrower coils inside the 
normal ones, mounted on the same yoke and connected in 
series with them, will modify the deflection field in such a way 
that with increasing deflection to either side an increasing 
amount of focusing in the line direction and defocusing in the 
direction of the field scan is introduced. This will counteract 
the astigmatism in the spot towards the far end of the screen, 
but introduce some astigmatism towards the gun end. A 
reasonable compromise can then be found by adjusting the 
number of turns on the inserted line coils for best overall results. 

With this deflection system, a reasonably good spot size can 
be obtained for any position of the spot along the line. A 
further improvement is, however, possible by applying a small 
amount of dynamic focusing. 

The spot at the gun end of the screen could be made con- 
siderably smaller than in the centre, owing to the more favourable 
image-to-object ratio. This would result in a much better 
resolution at one side of the picture only, and is therefore not 
desirable. A more limited amount of dynamic focusing at line 
frequency is sufficient to obtain a spot size at the gun end which 
is at least as small as that obtainable towards the far end. The 
waveform required to modulate the focus current is then not 
critical and can, in fact, be made equal to that of the current 
through the line-deflection coils. 

It was found in practice that satisfactory results could be 
obtained by adding a small subsidiary coil to the normal focus 
coil, and connecting this separate coil in series with the line- 
deflection coils. 

Table 1 shows a series of actual spot sizes achieved with such 
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an arrangement. The beam current was 400A. ‘Spot si 
refers to the dimensions of the area where the brightness is 
least half the maximum brightness in the spot. 


Table 1 
Spor SIZE 


Distance from gun 
end of screen (cm) 


Spot length (mm) | 0:5 
Spot width (mm) | 0-5 


(2.3) Colour Selection 


The phosphor screen in the banana tube consists of thr 
narrow parallel stripes of phosphor, each fluorescing unc 
electron bombardment in one of the primary colours, red, gre 
and blue. As the electron beam scans along this screen at li 
frequency, the phosphors can be sequentially excited by applyi 
a high-frequency lateral deflection to the beam. 

With an N.T.S.C. type of colour-transmission signal, 
suitable frequency for the spot wobble is that of the colo 
sub-carrier, since this leads to a simplification of the circuit 
The circuitry aspects of this method of colour selection are fu 
dealt with in a separate paper.” : 

The main problem is to ensure that phase and amplitude 
the spot-wobble deflection are correctly adjusted. This will th 
satisfy the requirement that the electron beam should alwa 
strike the correct phosphor when the appropriate colour sigr 
is applied to the electron gun. 

The transverse displacement of the spot can be generated — 
a pair of coils placed round the neck of the tube. Owing to t 
difference in length of the electron trajectories during the ii 
scan, a constant amplitude of the spot-wobble deflection curre 
would normally result in a gradual increase of the spot-wobt 
amplitude along the screen. Asa result of its focusing propert' 
in the direction of the field scan, the permanent-magnet deflecti) 
field adds to this effect for a large part of the scanned line wh! 
the beam remains in the lower half of the tube, but counteras 
it when the spot scans the far end of the screen. Consequenti 
the amplitude of the current through the spot-wobble coils mn 
be modulated at line frequency in an appropriate manner ' 
correct for these two effects. | 

Minor modifications in the strength and gradient of 1 
permanent-magnetic field can affect substantially the amplit 
of the spot wobble at the far end of the screen without undid 
affecting the spot size. This made it possible to modify tk 
field in such a way that the required modulation waveform} 
the current through the spot-wobble coils could be generaa 
with the aid of passive circuit-elements. 


(2.4) Influence of Extraneous Magnetic Fields 


In order to obtain satisfactory colour rendering, it is essen 
that the tracking of the electron beam along the phosphor striji 
should be correct. Small transverse deviations of the spot fr 
the central phosphor stripe, apart from those caused by © 
spot-wobble action, easily lead to noticeable colour errors: 
the picture. 

Provided that the initial setting-up procedure has been carr 
out correctly, and that the complete assembly of the tube ai 
its accessories has sufficient mechanical rigidity, subsequ! 
transverse spot displacements can be caused by an extranee 
magnetic field with a component in the plane of the electt 
trajectories. This displacement will be proportional to 
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ength of the electron trajectories over which such a field acts 
on the beam, and is therefore most serious at the far end of the 
screen. 

A constant field, such as the earth’s magnetic field, can be 
sompensated for by applying a small direct current through a 
arge coil placed round the main body of the tube. This coil 
should then generate a magnetic field in the trajectory plane, 
with a field strength equal and opposite to that of the disturbing 
somponent of the extraneous field. 

It was found in practice that.a coil round the tube, consisting 
of 650 turns, needed approximately 10mA to give a first-order 
sompensation for the harmful component of the earth’s magnetic 
field when the axis of the tube was in the N-S direction. If the 
display unit is subsequently rotated round a vertical axis, how- 
ever, a different value of the compensating current is required. 

Other extraneous fields, e.g. from the motor which drives the 
drum or from transformers in the receiver, should be avoided 
oy shielding the appropriate components. 


(2.5) Setting-Up Procedure 


Correct tracking of the electron beam along the screen can 
de achieved by a careful setting-up procedure of the complete 
ube assembly. 
_ The drum has been provided with a transparent window, 
hrough which the screen is observed during this operation with 
he drum stationary, and which is subsequently obscured with 
4 strip of black tape. 

The following sequence of operations can be carried out: 


(a) The tube is located in its magnetic cradle inside the drum, 
with the screen in an approximately symmetrical position in relation 
to the cradle, and the various connections are made. 

(6) Depending upon the orientation of the tube in relation to the 
earth’s magnetic field, the appropriate current is applied to the 
corrector coil. 

(c) A focused stationary spot of low intensity is generated on 
the screen, with zero current through the line-deflection coils. This 
spot is moved to its prescribed ‘zero position’, in the centre of the 
central phosphor stripe and 5in from the far end of the screen, by 
adjusting the alignment of the focus coil. - 

- (da) Line deflection is applied and the beam current is increased 
until the complete line can be observed easily. The line-deflection 
coils are then rotated until the line passes through the centre of the 

_ central phosphor strip at the gun end of the screen. f 

_ (e) The line will now be correctly located for at least two points 
on the screen: in the ‘zero position’ and at the gun end of the screen. 
If the central phosphor strip is not located symmetrically with 

respect to the magnetic deflecting field, the line will be curved 
towards left or right at the far end of the screen. In that case, the 
tube must be rotated in its cradle in the same direction, and the 
sequence of setting-up operations repeated from (c) onwards. 

(f) If the line cannot be made completely straight, the current 
flowing in the coil round the tube should be changed to move the 
line in the direction in which it is curved, and the operations again 
repeated from (c) onwards until optimum tracking has been 
obtained. 


(3) PHOSPHORS AND SCREEN ASSEMBLY 
(3.1) The Phosphors 
3.1.1) Colour Co-ordinates and Decay Time. 


The phosphor triplet is scanned at 10kc/s. Each phosphor : 


lement must therefore be able to accept new video information 
very 100s. If the phosphor is still fluorescing from the 
revious excitation, small-area contrast will be diminished and 
fertical streaks will result owing to the downward movement 
of the virtual image caused by the rotating lens rods. 

An investigation into the decay characteristics of phosphors 
oon showed that the decay rates are initially exponential, but 
t was apparent from the pictures that there can be a very long 
ail. It is therefore necessary not only to specify the time limit 


for the light to fall to 1/e of the initial output, but also to limit 
the amount remaining after several line periods. The specifica- 
tion requires this to be below 10° of the initial emission after 
100 ys and less than 1% after 200s. Neither the blue nor the 
green phosphors appear to meet these requirements. In practice, 
it is found that the blue is not objectionable owing to its low 
luminance contribution to the normal picture, while the green 
gives some unpleasant streaking effects in certain pictures. 
Work is in hand to reduce the afterglow to comply with the 
target. 

The short decay characteristics required by the system limit 
the choice of phosphors to sulphide materials. Unfortunately, 
the loci of colour points obtainable from this group of phosphors 
(Fig. 7) fall short of the N.T.S.C. requirement in the green region. 
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Fig. 7.—Locus of the colour points obtainable from sulphide 
phosphors. 


The full implications of this are dealt with in the paper on 
colorimetry.2 Table 2 compares the colour points of the phos- 
phors used at present with the N.T.S.C. specification. 


Table 2 
COLOUR POINTS OF PHOSPHORS 


Sulphide NVE-S:C: 
phosphors specification 


x = 0:625 
y = 0°365 


x = 0-260 
y = 0-570 


= 0-140 
y = 0°120 


(3.1.2) Phosphor Loading and Saturation. 

Each phosphor stripe is 400mm long and 2mm wide. The 
loading, p, of the stripe at 25kV with a mean current of 
i microamperes is 
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_ 25 x 103 x tx 1076 
40 x 0-2 


= 31:3 x 10-4 i watts per square centimetre. 


Because the banana tube is a one-gun device, each stripe will 
be activated for only about one-third of the active scanning 
period. Therefore the actual loading is 31-3 x 10~4/3 i watts 
per square centimetre. The average current corresponding to a 
brightness of 10ft-L is approximately 500A. The resultant 
loading of the phosphors is 0-5 W/cm?. This is very similar to 
the MW6/2 black-and-white projection tube, which has a 
loading of about 0-3 W/cm. In the latter case the limit is set 
by the highest temperature the face-plate is able to withstand, 
a condition which does not apply to the banana tube. There 
the limit will be set by the characteristics of the phosphors. 

Although the average phosphor loading of the banana tube 
and the projection tube are about equal, the instantaneous peak 
current densities to which the relative phosphors are subjected 
differ by almost two orders of magnitude. The projection tube 
at 0-8mA is subjected to a peak current density of 9 A/cm?, 
while in the banana tube at about 2-5mA it amounts to about 
0:16A/cm*. This is only twice as large as in a normal black- 
and-white tube. 


(3.1.3) Temperature Dependence. 

In general, the efficiency of a phosphor decreases with an 
increase in its temperature.4 The rate of change, within certain 
limits, is influenced in the manufacturing stage by the quantity 
of nickel present to control the afterglow. 

It can be seen from Fig. 8 that the efficiency of the phosphors 
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Fig. 8.—The temperature dependence of certain sulphide phosphors. 


falls considerably with a relatively small temperature rise. It is 
therefore apparent that, since the phosphors of the banana tube 
are contained on a screen inside the vacuum, special precautions 
will be necessary to radiate the dissipated energy efficiently. 
This problem is considered in Section 3.2.2. 
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(3.2) Screen Assembly 


The phosphor triplet is deposited on a material which 
termed the ‘phosphor substrate’. This in turn is fixed to 
much larger metal surface known as the ‘screen carrier’. 


(3.2.1) Phosphor Substrate. 

The phosphor substrate must be stable throughout all t 
necessary processing, be free from local impurities, and under 
no reaction with any of the phosphors. In order for it to lea 
the path of the electron beam uninfluenced, it must be of a no 
magnetic material and have either surface or bulk electrical co 
ductivity. Finally, to maintain its shape throughout the mai 
stages of screen processing, it must be rigid. 

In addition, the substrate must be in adequate thermal conta 
with a screen carrier which has good thermal-emissivity pr 
perties, combined with a sufficiently large surface area to ke: 
the phosphors near ambient temperature under working co 
ditions. The screen carrier is designed also to trap stray ligi 

The most practicable materials which fulfil the requiremen 
are certain metals, possibly coated with a thin glass layer to se 
in possible contaminants. 

Thin glass layers were successfully applied to stainless-ste 
and aluminium strips, but on test in banana, tubes the efficien: 
of the phosphors deposited on them was observed to be abo 
an order lower than the best on uncoated metal strips. The !o 
efficiency was caused by the ‘sticking potential’ of the gla: 
To overcome this the glass would need to be made conducii 
or to have a conductive layer, such as tin oxide, applied to 
In view of promising results being obtained by parallel wo: 
on uncoated metals, work on coated surfaces was stopped. 

The metals considered as possible substrates for the phospho 
were aluminium, magnesium silicide aluminium alloy (NS4 
stainless steel, molybdenum, silver and gold. 

Silver and gold could be used economically only when plat 
on a base metal. Doubts about the porosity of plated surfac 
and the difficulties incurred in achieving a consistent high-cla 
plating soon eliminated this method. Molybdenum was ni 
used on account of poor adhesion between the phosphor and t} 
base material. Stainless steel was eventually considered unsat' 
factory because of its poor thermal conductivity. 

As a result of a series of tests it was decided to use con 
mercially pure aluminium as the substrate material. This is t! 
only metal found to give consistent surface conditions followi: 
rigorous cleaning schedules. A difficulty in using pure aluminiu 
is its diminished rigidity following a high-temperature ba: 
during the phosphor processing. From this stage onward t! 
strip has to be handled with extreme care. 


(3.2.2) Screen Carrier. 


Fortunately, the essential requirements called for by the du 
role of the screen carrier are not only very similar but also nev 
conflict. This component must not intercept direct light fre 
the phosphors to the window area. The surface must be ma 
black both for good non-reflectivity and good thermal emissivi’ 
The material should be cheap, be easily worked, fulfil all ¢ 
vacuum requirements and be of similar expansion coefficient ! 
the substrate with which it will be in good thermal conta: 
NS3, an aluminium alloy, is found to fulfil all these requiremen: 
The final design is shown in Fig. 9. 
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The corrugations in the screen carrier are necessary to prevent 
ny light emitted by the phosphors striking its surface at glancing 
acidence. It has been found with all the matt-black surfaces 
westigated that considerable reflectivity is apparent at low 
ngles of incidence if the adhesion of the black surface to the 
YS3 is good. Until steps were taken to prevent light striking 
ae screen carrier at glancing incidence, unpleasant horizontal 
freaks were apparent in high-light areas of the picture. 

The screen carrier is mounted inside the glass bulb in such a 
janner that it will retain the phosphor stripes parallel to the 
xis of the bulb. It cannot be fixed rigidly at both ends, owing 
9 the differential expansion between the NS3 and the glass. 
st the highest temperature reached during tube processing it 
xpands more than 2mm in excess of the glass. 

‘Contact springs between one end of the carrier and the flare 
f the bulb ensure electrical continuity with the final anode of 
he electron gun. The e.h.t. connector, mounted in the end 
late of the bulb, is connected to the carrier by a flexible wire. 

The most satisfactory surface coating to date is obtained with 
matt black enamel AMX548. 


(3.3) Screen Processing 


In the early stages of the project the quality of the screen was 
nimportant. All that was needed was an emissive layer which 
jould permit spot-size measurements to be made while the 
lectron optics of the tube were being investigated. During this 
tage it was noticed that the complete surface of the phosphor 
ecame stained and the efficiency fell rapidly, while any area 
ubjected to a high beam current temporarily ceased to emit. 
his latter phenomenon, which is reversible, is termed 
slacking-out’. 

Since the manufacturers of the phosphors were confident that 
2e phosphors themselves could withstand the working con- 
itions imposed by the banana tube, it was assumed that all the 
aults resulted from the processing, i.e. that the stains and loss 
f efficiency resulted from insufficient cleaning of the substrate, 
ontamination from impurities in the substrate, or chemicals 
emaining inside the phosphor layers after the screen processing, 
nd that ‘blacking-out’ was the result of poor thermal contact 
etween the phosphor and the substrate. 

In screen processing the following properties are required of 
ne phosphor-coated metal strips: 


(a) The metal should have a minimum effect on phosphor emission 
characteristics. : 

(6) Good electrical, physical and thermal contact should exist 
between metal and phosphor. : 

(c) The phosphor layer should have the texture and thickness for 
optimum efficiency. ie 
_ (d) The phosphor screen should have uniform emission. 

(e) These properties should remain good throughout life. 


‘The phosphor can be deposited by a number of different 
cchniques, such as settling, spraying, monolayer deposition, 
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photoprinting deposition, cataphoretic coating, electrostatic 
deposition, rolling, or pressure impregnation. 

The last four methods seem particularly attractive from the 
point of view of uniformity and good adhesion. The effort was, 
however, concentrated on the first four, mainly because of the 
store of experience and equipment available for an immediate 
start. 

With the numerous variables involved in both substrate 
materials and phosphor processing, it was necessary to assess 
results by carrying out short tests under high loading conditions 
rather than longer tests under average working conditions. 
All screens were mounted in standard banana tubes and pro- 
cessed in a similar manner. 

The main properties to be determined were: 


(a) Resistance to “‘blacking-out’. 
(6) Relative initial efficiency of the phosphors. 
(c) Rate of loss of efficiency. 


The first point was checked, at both the start and the finish of 
a standard 4-hour test, in which the electron beam was made to 
scan one colour stripe only with a constant current of 1mA for 
1min. Points (6) and (c) were checked by measuring the light 
output at intervals during the course of 4 hours while the 
phosphor was bombarded by a constant current of 500A. 
The results of the tests showed the most successful combination 
of screen processing and substrate material to be the photo- 
printing process using an aluminium substrate. 

In the photoprinting process the phosphor is dispersed in a 
polyvinyl-alcohol solution sensitized with potassium dichromate. 
The mixture is sprayed on the substrate, which is shielded in such 
a way that the phosphor will cover only its allocated area on the 
aluminium surface. The process is repeated for all the phosphors. 
The finished triplet is exposed to ultra-violet light, washed and 
finally baked at 450°C, 


(4) THE GLASS ENVELOPE 


Owing to the mechanically strong shape of the tube it can 
be evacuated safely when the wall thickness is only 14mm. 
It is desirable from considerations of both weight and price to 
work with the thinnest wall practicable. In the case of the 
banana tube, the limiting factor is the production of X-rays. 
Prototype tubes made from hard glass produce X-rays at the 
rate of about 1 réntgen per hour, at 1ft from the tube, when 
the tube is operated at 25kV with a current of 500A. How- 
ever, by using a lead-containing glass, L146, the X-ray level 
has been lowered to not more than 0-15 millirontgen per hour, 
which is within the limits set by B.S. 415: 1957, provided that 
the minimum wall thickness is at least 2mm. To ensure a 
good safety margin against implosion, all experimental tubes 
have been subjected to a total pressure of 24.atm. 

The dimensions of the envelope with tolerances are shown in 
Fig. 10. Moulded cylinders only have been used so far, and 
with the majority of them it has been difficult to select a satis- 
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Fig. 10.—Major tolerance specifications of the glass envelope of the banana tube. 
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factory window area. No special measures to improve the 
optical quality have been requested from the manufacturers, 
since it is certain that a moulding process would not be con- 
sidered for quantity production. The cylinders would be made 
by the continuous Vello process, the speed of which is such that 
' the cost of the tubing is little greater than that of the basic 
materials. The quality obtained by this process meets the 
specification, and the physical tolerances should be about an 
order of magnitude better than required. 

Since the screen carrier fits closely inside the glass cylinder, 
an unobstructed entry is necessary for correct positioning. 
This is possible at the end of the cylinder remote from the gun, 
simply by sealing the end with a 6mm thick glass plate of 100 mm 
diameter as a final operation prior to pumping. 

In order to obtain a field-free space within the confines of the 
cylinder, the inner surface of the glass can be made conductive 
and maintained at the final anode potential. Since most of the 
glass surface which can affect the electron beam consists of the 
window area of the tube, it is essential that the conductive 
coating also should be transparent and colourless. A surface 
resistivity of about 1 MQ per square is adequate to dispose of 
any stray charges which might land on the window area. It is 
advantageous to aim at the highest resistivity permissible in 
order to allow the percentage of light transmitted through the 
conductive layer to be as high as possible. The most successful 
coating used so far is tin oxide. This gives a hard-wearing stable 
surface of over 85°% transmittance. It increases the reflectivity 
of the glass from about 4% to 11%. 

Owing to the presence of a layer of tin oxide on the glass 
walls, the end plate cannot be sealed on to the cylinder by the 
normal heating process. This would cause local discolorations 
of the conductive layer or even evaporation. It can be avoided 
by sealing the parts with the aid of a low-melting-point glaze. 
Corning 186 glaze is found to be completely successful in 
forming a vacuum-tight seal between these parts. The highest 
temperature reached during the joining process is 450°C. 


(5) PRELIMINARY LIFE TESTS 
(5.1) Phosphor Life 


It was realized from the outset that a fundamental objection 
to the system could be raised if it were established that the 
phosphor efficiencies decrease too rapidly during life. This 
effect could be investigated, however, only after a satisfactory 
technique had been developed for the deposition of the phosphor 
on a metal substrate. With the present technique of screen 
manufacture it has been possible to carry out only a few 
preliminary life tests. 

To make the optimum use of the life-test equipment, the 
phosphor stripes should be bombarded as in normal operation. 
However, it was considered undesirable to attempt this, as the 
circuit stability which must be maintained over the test period 
is too critical. It was decided that, for the purpose of life tests, 
special tubes would be used in which the phosphors were 
deposited in sequence along the metal strip (Fig. 11), instead 
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Fig. 11.—Sequence of phosphors used for life-test purposes. 


of across its width. With this arrangement the beam traverses 
the length of the tube, covering the three phosphors sequentially, 
through the action of the line time-base only. 

In order to obtain the most useful results from these tests, 
the operating conditions must be strictly controlled. These 
include the e.h.t. and cathode current, and the stability of the 
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photometer used to measure the light output. Possibly le 
obvious, and certainly more difficult to control or measur 
are slight variations in focus setting, slight movement of tl 
tubes or associated parts when removing accumulated du 
from the window area, and a possible shift of spectral respon 
of the phosphors during life, which could affect the reading | 
the photometer. The most serious error is almost certain 
caused by variations which can occur in the cathode qualit 
If this falls during life a greater drive voltage is needed to mai 
tain the constant beam current required for the test. Th 
causes the spot size to enlarge, which in turn lowers the curre: 
density falling on the phosphor. Not only does the phosph 
become less saturated by this action but also new phosphor 
bombarded, giving the apparent result that phosphor properti 
improve with life. | 

To diminish the errors caused in this manner, each phosph« 
section is scanned over half its length, and every 100 hours t 
normally unscanned portions are bombarded for a short peric 
while light-output measurements are taken from them. In th 
way a comparison is afforded throughout life with their appare1 
initial efficiency. 

During the test the phosphors are bombarded with a bea: 
current of 500A. Measurements are taken after 3, 6, 12 an 
24 hours, and subsequently after every 100 hours. 

All three phosphors have shown very similar changes : 
efficiency during life (see Fig. 12), but since not all the variable 
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Fig. 12.—Change of efficiency of the banana-tube phosphors durin: 
a life test. 


mentioned above have been satisfactorily controlled the validi 
of the results is limited. No areas of phosphor ceased to em 
or became detached, but a slight brown stain appeared on tk 
bombarded areas of the phosphors. 


(5.2) Cathode Life 


So far the only tubes tested have failed to reach 1000 hou. 
because of serious deterioration in cathode quality. Separa: 
tests on cathode quality, under the loading conditions of tt 
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sanana tube, carried out in standard 17in cathode-ray tubes, 
ndicate that the cathode is able to withstand 2000-hour life 
ests successfully with very little loss of emission. This problem 
1as not yet been investigated. It is likely that the deterioration 
of the cathodes within banana tubes is caused by poor gas 
oressure brought about by inadequate stoving or cleaning 
schedules of one or more of its components. 


(5.3) Tin-Oxide Life 


During the test the window area became brown and its trans- 
mission was reduced by approximately 5%. After cutting open 
the bulb it was established that the change in spectral trans- 
missions was confined solely to the layer of tin oxide. This is 
assumed to have been caused by X-ray bombardment. 

_ An essential routine operation during the test was to clean 
the window area every few days. Dust collected very rapidly 
owing to the charge maintained on the glass walls by the tin- 
oxide coating. A possible way to overcome this problem is to 
coat the outside of the glass as well as the inside. The outside 
wall could then be maintained at earth potential. The objections 
to this are first that the reject rate of the bulbs from tin-oxide 
faults would increase, and secondly the light transmitted by the 
window would fall and the reflections increase. 

_ If the inner wall of the tube could be left non-conductive the 
collection of dust would be drastically reduced. A short experi- 
ment with some stainless-steel stocking mesh, 12 x 22 stitches 
to the inch, retained over the window area showed it to be 
substantially invisible during normal picture viewing. If mesh 
of this type can be mounted on the heat-dissipation shield in a 
regular manner, so that it is sufficiently far from the axis of the 
tube to allow the electron beam to be retained within the confines 
of the mesh and shield, conducting glass will be unnecessary. 


(6) CONCLUSIONS 


The initial object of the project was to produce the best 
picture the display system is capable of giving. The banana 
tube in its present form substantially accomplishes this, pro- 
vided that the display unit is correctly set up. 

When considering the possibility of applying it to a domestic 
receiver, the present solution has several shortcomings, such as 
an expensive electromagnetic-focus lens with its associated 
circuitry, the need for stabilized spot-wobble modulation, h.t. 
and e.h.t., and a fairly difficult setting-up procedure which is 
influenced by the orientation of the receiver or by stray magnetic 
fields. 

In order to make the receiver a sound domestic possibility, 
the electron optics must be modified, not only to ease circuitry 
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problems, but also to reduce the effects of stray magnetic fields 
on the electron beam. One approach to the improvements 
required is an all-electrostatic electron-optical system which will 
positively locate the beam on its correct phosphor. If this 
principle could be successfully applied, the setting-up procedure 
should be little more difficult than that for an electrostatic-focus 
cathode-ray tube used in present black-and-white television 
receivers, and stray magnetic fields should be no more significant. 
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SUMMARY 
The major mechanical components of the banana-tube colour- 
television display system are described, together with the materials 
and manufacturing techniques used to achieve results consistent with 
the requirements of the system. Development has proceeded to a stage 
where a fully engineered version more suitable for quantity production 
can be considered. 


(1) INTRODUCTION 


The unusual feature of the banana-tube system is the method 
of obtaining field scan by the movement of optical elements. 
The elements, in the form of three cylindrical lenses retained in 
critical dimensional relationship, are rotated coaxially with the 
electron tube at 1000r.p.m., which is a convenient sub-multiple 
of the field scan frequency. 

During early assessments it was considered that the realization 
of the original concepts of a mechanical scanning system would 
present major problems, the solutions to which might well be 
outside the limitations imposed by the requirements of a domestic 
television receiver. The permissible variations between lenses 
in the rotating system, particularly with regard to surface finish 
and positioning, the noise generated by mechanical movement 
and the resulting wear were each considered to present problems 
of magnitude. The partial solution to these problems during 
the construction of laboratory prototypes is dealt with, as well as 
subsequent developments to improve performance and reliability, 
and to reduce costs. 


(2) ROTATING LENS DRUM 
(2.1) General Considerations 


The configuration and dimensions of the rotating-lens system 
are governed by electron-tube and optical requirements. Fora 
picture with a 20in diagonal and using the present optical 
system, three lenses each 0:500in in diameter and about 19in 
long are spaced circumferentially at 120° intervals in a cylindrical 
drum as shown in Fig. 1. The lens pitch-circle diameter is 


Fig. 1.—Rotating-lens drum. 


5:50in, giving overall drum dimensions approximately 6in 

diameter by 22 in long. ; 
Inaccuracies in lens positioning will result in line jitter in the 

scanned raster. Maximum permissible line displacement, to 
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eliminate completely noticeable line movement in the view 
image, has been taken as 0-10 line. In a 3-lens system this 
equivalent to an angular lens misalignment of 0-03°, giving 
linear tolerance, measured as a chord across any two adjace 
lenses, of 1-5 X 10~3in. 

No allowance has been made for line displacement due 
radial errors in lens positioning or to the effects of incorré 
centring of the rotating system, and it is evident, therefore, th 
displacements within the limit 0-10 line cannot be consister! 
achieved in manufacture. 

Table 1 shows measured variations in lens position in sor 
experimental drums giving interlace errors of up to abo 
0-4 line. 


Table 1 


COMPARISON OF LENS POSITIONAL VARIATIONS IN SOME 
EXPERIMENTAL DRUMS 


4 
; : : in 

Left 5-262 5-262 5:274 5-278 

Lenses 1 to 2 | Centre 5-260 5-255 5°275 5-281 
Right 5-261 5-259 5:275 5-281 

Left 5-262 5-263 5-279 5-278 | 

Lenses 2 to 3 | Centre 5-256 5-260 5-281 5-282! 
Right 5-260 5-259 5-280 5-280) 

Left 5-262 5-262 5-273 5-277! 

Lenses 3 to 1 | Centre 5-260 5-261 S22 5-283 | 
Right 5-262 5-260 5-273 5 +283 | 


(2.2) Acrylic Lens Drums 


In order to avoid possible random variations in lens positi¢ 
due to the effects of differential expansion and contraction wi 
varying temperatures, early lens drums were made entirely 
clear unplasticized polymethyl methacrylate. This materiz 
whilst providing suitable optical properties, has been found | 
possess a number of undesirable characteristics which ma 
eliminate its use for lenses in a final receiver. The requir 
high-quality surface finish is difficult to achieve even after caret 
and repeated lapping and polishing, and electrostatic charg; 
rapidly acquired in use cause dust to adhere to lens surfac 
Cleaning results in surface scratches, giving light scatter a 
consequent deterioration in lens resolution. The applicatid 
of anti-static polishes reduces the tendency to build up : 
electrostatic charge, but is found to be effective only for she 
periods of time. 

Subsequent work has been aimed at producing lens drums; 
other materials, e.g. metal and thermosetting plastics with gldi 
lenses. The methods used for acrylic drums are, however, ¢ 
sidered generally applicable to drums made in other materi: 
and will therefore be described. 
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Referring to Fig. 2, polished lenses and preformed drum seg- 
nts are clamped radially to a cylindrical metal mandrel, the 
ses in machined V-grooves and the segments to the surface of 
> cylinder. The small gap between the V-groove and lens 


Fig. 2.—Method of cementing lenses to lens supporting segments. 


rface is filled with an extruded ribbon of silicone elastomer, and 
ment, a pre-mixture of acrylic monomer with catalyst, is in- 
sted into the joints by a pressurized syringe. By virtue of its 
p-filling properties the cement fills the variable gap between 
€ necessarily accurately positioned lenses and the drum 
gments. A locating spigot is subsequently machined on each 
d of the assembly and end caps are finally cemented in position 
se Fig. 3). 

Ultimate joint strengths in excess of 1000]b/in? have been 
corded on experimental joints made by the above process. 


END CAP 


Fig. 3.—Method of attaching end caps to lens drum barrel. 


(2.3) Drums with Glass Lenses 


The inherent problems associated with acrylic lenses have led 
. a consideration of glass as an alternative lens material. 
‘itial difficulties of obtaining solid glass rod, manufactured 
. the required tolerances and free from internal flaws and 
face defects, have largely been overcome by the use of thin- 
all (1 mm) glass tubing. 

The tubes, filled with liquid of high refractive index (1 -40-1-43 
r glycerol and water mixtures or petroleum oils, compared 
ith about 1-5 for glass), will provide a relatively hard scratch- 
‘oof surface and are likely to show some improvement in 
solution due to the higher quality of surface finish. Volu- 
etric expansion coefficients of up to 0-9 x 10-3 for these 
juids, compared with about 0-36 x 10~4 for glass, will render 
e use of an expansion/contraction device necessary. A suitable 
rangement is shown in Fig. 4. The maximum volumetric 
fferential within an extreme temperature range —10°C to 
50°C is calculated to be +0-45in? for an 80/20% glycerol- 
ater mixture. 

The use of metal or plastic segments in drums containing glass 
nses required careful consideration of the bonding medium. A 


technique is known for bonding acrylic materials to glass, 
involving the pre-treatment of the glass with vinyltrichlorosilane, 
and giving joint strengths in excess of the ultimate strength of the 
glass itself. The inherent flexibility of the bonding medium 
accommodates variations in linear dimensions with reasonable 
temperature changes over joint lengths of up to about 20in. 


AIR LIQUID 


Fig. 4.—Rubber expansion/contraction bellows for liquid-filled glass- 
tube lenses. 


The limiting rotational speed of such a lens drum is therefore 
the limit of the peripheral velocity of the glass, and this may be 
determined from the expression for the limiting centrifugal 
stress 
_ We 

& 
where f = Limiting stress ~ 7501b/in? for glass 
W = Weight, Ib/in3 
v = Peripheral velocity. 


TSOP GS 22 al, 
0-095 


For a 6in-diameter drum the maximum permissible rotational 
speed will be 1 750/677 x 60 = 5500r.p.m. 

Bonds of comparable strength, of the type shown in Fig. 2, 
have also been made between glass tubing and thin sheet metal 
using epoxy-resin adhesives. 


= 1750in/s. 


Ke 
thst = NI = 
herefore v W 


(2.4) Anti-Reflective Coating 


An important feature of the banana-tube system is the im- 
provement in image contrast ratio in conditions of high ambient 
illumination. The picture is presented against a non-reflective 
background provided by a black coating on the drum segments 
between lenses. The quality of this coating, therefore, its 
surface texture and reflectivity will have an important effect on 
picture quality. 

Chemical and paint coatings have been found to be inefficient 
as non-reflective finishes, particularly after handling. Finger 
marks and abrasions show as an irritating flicker in the picture 
at a frequency of 16%c/s. 

Table 2 shows the reflectivity of some coatings measured by 
photometer under 60 W tungsten-filament illumination, the most 
satisfactory results being obtained with dyed woven fabric 
materials glued to the drum surface. 


Table 2 


REFLECTED LIGHT READINGS OF SOME DRUM COATINGS 
UNDER 60 W ILLUMINATION 


Material Light reading 


ft-lamberts 


Matt black cellulose paint .. O32 
Matt black water paint te 0-18 
Black woven cloth Rs sis Osi 
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(3) DRUM SUPPORT BEARINGS 


(3.1) Requirements of the Bearing System 


The necessity for providing ready withdrawal facilities for the 
electron tube has eliminated the possibility of supporting the 
rotating drum about a simple 2-bearing arrangement coincident 
with the drum axis. It is more convenient to provide an aper- 
ture in one end of the drum, through which the tube may be 
removed for servicing or replacement, and to support this open 
end on an external system of bearings contained in free-running 
rollers. 

The requirements of the supporting bearings to operate quietly 
and for long periods without attention have involved an extensive 
investigation into the performance characteristics, in terms of 
the ultimate life, of available bearing materials and bearing types. 

The required life expectancy, based on a maximum likely 
viewing time over five years, has been assessed as 10000 hours. 

The arrangement of rubber-tyred rollers shown in Fig. 5 has 
been adopted after experimental investigations into the load- 
carrying capacity, more particularly of suitable rubbers for the 
tyres, and the stability requirements of the system. 


Fig. 5.—Arrangement of supporting rollers for open end of lens drum. 


Tests have been carried out on three distinct types of bearing: 


Ball bearings. 
Lubricated metal sleeve bearings. 
Dry plastic sleeve bearings. 

From space considerations 1:5in has been chosen as a 
suitable roller diameter. The rotational speed of the roller is 
then 4000r.p.m. for a drum speed of 1000r.p.m., and the 
applied radial load on the bearing is approximately 1lb for a 
drum weight of 4b. 


(3.2) Ball Bearings 


Ball bearings of the rigid radial journal type mounted singly 
as shown in Fig. 6(a) have proved to be unsuitable owing to high 
noise level. An ultimate bearing life of 320 hours has been 
recorded for a commercial bearing, 3200 hours for a selected 
bearing, and over 10000 hours for a selectively-assembled pre- 
cision bearing. 

Track and ball imperfections and relative movement between 
track raceways are believed to be the major source of noise, and 
this is substantiated by the improvement obtained with precision 
bearings, particularly when such bearings are mounted in pairs 
and preloaded axially as shown in Fig. 6(b). Such an arrange- 
ment, however, is expensive, and it had been established that 
other methods, showing considerable improvements both in 
quiet running and cost, are possible. 
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Fig. 6.—Method of mounting ball races in bearing test. 


(a) Single bearing. 
(6) Twin axially preloaded bearing. 


(3.3) Sleeve Bearings 


A sleeve bearing presents a possible alternative solutix 
Large numbers of this type of bearing are in everyday use, usua 
in metal for other than low-speed applications, and oil lubricat 
The method of supplying the oil varies from occasional and oft 
haphazard external applications for intermittently operati 
mechanisms, to pressure feeds, where the cost of such devi 
can be justified in heavily loaded and continuously runni 
bearings. 


(3.3.1) Coated Sleeve Bearing. 


The main problem in the design of a small long-life low-s: 
metal sleeve bearing is to provide a film of lubricant between 1 
load-carrying surfaces. In the simplest arrangement shown 
Fig. 7(a) using a solid metal sleeve rotating about a fixed she 


Samewee 
SOS S855 


@ (b) (c) 


¥ig. 7.—Types of bearing used in sleeve bearing tests. 


(a) Single rotating bush. 
(b) Single rotating bush with oil circulating system. 
(c) Twin self-aligning rotating shaft. 


metal contact will occur on initial starting from rest, owing; 
the absence of sufficient hydrodynamic pressure to support 

load, and also through loss of lubricant due to leakage from | 
bearing ends. If metal pick-up can be prevented during thi 
periods by the prior application of an anti-friction coating, 
increase in bearing life can be expected. The required ti 
between periodic external applications of lubricant will also: 
increased, and if the degree of scuff resistance of the coat 
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| sufficiently high it may be possible to run such a bearing in a 
ry state, i.e. without any additional lubrication. 

The results of a series of tests intended to substantiate this 
tatement are given in Table 3, and for purposes of comparison 
‘able 4 is included showing the results obtained with uncoated 
earings both with and without oil lubrication. 


Table 3 
Lire TEST ON COATED SLEEVE BEARINGS 


Shaft 
coating 


Bush 


S Duration 
coating 


Lubricant GE test 


Remarks 


Nil 
Nil 


Nil 


Seized 
Shaft worn 0-002 
Bush worn 0-025 
Shaft worn 0-002 
Bush worn 0-030 

Seized - 
Shaft worn 0-012 
Bush worn 0-002 

Seized 


Nil 
Molybdenized grease 


Mineral oil 
B Molybdenized grease 
Cc Nil 

C Mineral oil 


AQ AW > >> 


Table 4 


COMPARATIVE TEST ON UNCOATED BEARINGS 


Duration 


of test Remarks 


Lubricant 
hours 
Seized 


Mineral oil : ae 32 Seized 
ING = =f ae as 5 Seized 


Molybdenized mineral oil .. 2 


In the test, the bearing material was bronze alloy, the shaft 
naterial was mild steel and the bearing diametral clearance was 
)-0005—0:0015in for a bearing diameter 0:250in and length 
)-375 in. 

The surface velocity is therefore 196ft/min for a convenient 

peed of rotation for comparative test purposes of 3 000r.p.m. 
fhe radial bearing load was 1-25lb, and the bearing pressure 
s therefore 13-3lb/in?. The pressure-velocity rating is 
610 lb/in?-ft/min. 
The maximum attained life of 59 hours falls far short of the 
equired 10000 hours, and it is evident that, although some of the 
nti-friction coatings prevent complete bearing seizure, the 
resence of an oil lubricant is significant in promoting bearing 
fe. 

The quantity of lubricant provided by an initial application 
1 this simple system, and allowing for centrifugal losses, is very 
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small. As all bearings were dry on completion of the test, loss 
of lubricant can be regarded as a major factor contributing 
towards bearing failure, and improved results are therefore to 
be expected if the initial supply of lubricant is increased. 


(3.3.2) Sintered Metal Bearings. 

Table 5 shows results with an increased oil content obtained 
by the use of sintered porous metal bushes containing about 25% 
by volume of lubricating oil, again in the configuration of 
Fig. 7(a). It is interesting to note the improvement obtained 
by using sintered iron bushes, compared with the more usual 
sintered bronze. In each case bearing failure was again due 
to failure of the lubricant. A further series of tests was therefore 
undertaken on a bearing of new design, incorporating an oil- 
circulating system and using a number of different lubricants. 


(3.3.3) Sleeve Bearing with Oil Circulation. 

In the new bearing shown in Fig. 7(5) a further increased 
volumetric oil content is provided by a reservoir in the form of 
a felt pad in close contact with the outer surface of a sintered 
bronze bush. Ducts are incorporated in the rotating housing for 
returning the lubricant fed along the bearing surface under 
hydrodynamic pressure and centrifuged off the bearing ends. 
The felt pad also provides filiration to eliminate any contamina- 
ting solid particles which may find their way into the system. 
The return feed is by capillary attraction through the felt and 
porous bearing material. 

Table 6 shows results obtained with the new bearing using 
a variety of commercially available lubricants. An improve- 
ment of four times the total bearing life is noticed compared with 
the results obtained using the same lubricant (type A) in the 
simple rotating bush bearing, and a further improvement is 
obtained by using a molybdenized mineral oil. 


(3.3.4) Two-Bearing Arrangements. 

A subsequent test intended as a performance comparison 
between sintered bronze bearings using rotating bushes on a 
fixed shaft, and fixed bushes with rotating shafts [Fig. 7(c)] 
and using lubricant A, showed a total life before lubricant 
failure of 9600 hours. The bearing bore in this case was 
0-187in, giving a surface velocity of 147ft/min and a pres- 
sure-velocity rating for the two 0:312in long bushes of 
1 5701b/in? ft/min. 

In view of the considerably improved performance obtained 
using the two-bearing configuration of Fig. 7(c) compared with 
either of the two rotating bush bearings of Figs. 7(a) and (6), no 
further work has been undertaken on the latter type. The reason 
for failure in every case, namely gumming due to oxidation of 
the lubricant, clearly indicated that the ultimate life of a hydro- 
dynamically lubricated bearing, containing a relatively small 
amount of lubricant, is limited to the life of the lubricant. 


Tabie 5 


Lire TEST ON SINTERED METAL BEARINGS 


Bearing material Lubricant 


Sintered bronze Mineral oil (A) 
Sintered bronze 


Sintered iron Mineral oil (A) 


Mineral oil plus extreme pressure additive 


Duration of test Remarks 


hours 


288 
360 


Lubricant partially solidified 
Lubricant partially solidified 
1690 Lubricant partially solidified 


Bearing directions: bore, 0:250in; length, 0-375in. 
Speed of rotation, 3000r.p.m. 
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Table 6 
Lire TEST ON THE NEW BEARING USING DIFFERENT LUBRICANTS 


Duration 


Bares Remarks 


Lubricant 


hours 
1200 
1340 

“~~ 360 
4700 
165 
670 


Lubricant solidified 

Lubricant solidified 

Lubricant solidified 

Bush worn and vibrating 

Bush badly worn 

Lubricant partially solidi- 
fied 


Mineral oil A 
Mineral oil B 


Mineral oil C as 
Molybdenized mineral oil 
Silicone oil 

Molybdenized silicone oil 


The difference in performance between the two types can 
possibly be explained by increased turbulence in the rotating 
bush assisting oxidation by churning and cavitation and result- 
ing in premature lubricant breakdown. 

The test results shown in Table 5 further indicate that the bush 
material has some effect on lubricant life. Sintered iron is 
shown to advantage compared with the more usual and readily 
available sintered bronze. Much work remains to be done to 
substantiate this, especially in view of the difficulty of obtaining 
small quantities of die-formed parts of suitable shape in sintered 
materials other than bronze. 


(3.4) Dry Bearings 

The problems associated with small lightly-loaded hydro- 
dynamically-lubricated metal sleeve bearings have led to an 
investigation of the performance of dry plastic bearings and 
bearing materials. 

Plastic bearings, usually in reinforced laminated thermosetting 
materials with water lubrication, have been in use for many 
years, and more recently thermoplastic grease-lubricated bearings 
have been used for low-speed heavy-load applications. Plastic 
and composite bearings materials, intended for use without 
additional lubrication, are of comparatively recent introduction, 
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and information is not readily available on their performance 
continuously operating conditions in the medium-to-high spe 
ranges. 

Early tests with nylon have shown dimensional instability w 
rising bearing temperature, sufficient to cause complete seizt 
after a few hours’ running even with diametral clearances as hi 
as about 0-003 in for a 0-250 in-diameter bearing. 

Polytetrafluorethylene, whilst exhibiting less dimensional ins' 
bility and providing further improvements when used as 
coating on metal surfaces and as an impregnant for poro 
metal bushes, shows little resistance to abrasive wear, t 
material exuding from the bearing ends as a finely divid 
powder. 

Table 7 shows test results obtained with the simple sin; 
rotating bush and fixed shaft arrangement of Fig. 7(a), usi 
various plastics, specially compounded thermoplastic mixturs 
proprietary bushes and dry bearing materials. 

With one exception all bearings failed at less than 1000 hou: 
continuous operation. The exception (Type G1) is, howev 
sufficiently interesting to merit further comment. It is the on 
bearing tested, other than ball bearings, to have achieved 
stated objective of 10000 hours’ operation without attentio 
As such, it can be regarded as the only bearing shown by-exp=: 
mental test to be suitable for use on the drum supporting rolie 
of the banana tube device. 

The bearing dimensions tested were 0:375in bore, 0-373 
bearing length and 8-9Ib/in? specific radial bearing pressvit 
The speed of rotation was 3 000r.p.m. giving a pressure-veloci 
rating of 2 6201b/in? ft/min. 

An initial diametral clearance of 0-00lin increased pr 
gressively after bedding-in wear of a further 0:0006in to 
measured final clearance of 0:006in. The large initial clearaa 
would appear to limit the usefulness of the material to applic 
tions calling for a low-cost reliable bearing, not requiring clo 
running fits. Some reduction in clearance may be possible ! 
reducing bearing wall thickness and thus improving the efficien: 
of the heat-conducting path. 


Table 7 


Lire TEST ON SMALL Dry BEARINGS AND Dry BEARING MATERIALS 


by ee | 
Material Drursien shigiet Petal ale ts Remarks 
hours in X 10-3 | in x 10-3 
Nylon 0:25 0-8 Nil Seized 
Nylon 13 208) Nil Seized 
Hard Nylon oS) 0-4 Nil Seized 
Hard nylon .. f 24 Da Nil Seized 
Molybdenized nylon 24 ite), D7] Heavy vibration 
Polytetrafluoethylene (P.T. FE. ise 24 De]. 38 Excessive clearance 
Polytrifluochlorethylene (P.T.C.F.E.) 120 0:5 20 Excessive clearance 
P.T.F.E. plus molybdenum Power 48 0-1 20 Excessive clearance 
P.T.F.E. plus tin powder 96 0:3 6 Large clearance 
P.T.F.E. plus bronze powder 130 0-4 9 Large clearance 
P.T.F.E. plus stainless-steel powder sa 0-3 5 Vibration and scuffing 
P.T.F.E. plus glass-fibre i 180 0:3 7 Vibration and scuffing 
Proprietary bearings 
A 72 2 6 Rapid wear and pick-u 
Biss: 6 0:5 6 Heavy vibration : - 
Ce. 1A 0-1 20 Excessive clearance 
Day, 810 0:5 11 Excessive clearance 
) er 668 0:5 23 Vibration and scuffing 
a : noe a ie Rorualy seized 
’ : till running satisfactoril 
G2. 339 0-1 Nil Seized , . % 


Bearing diameter: 0-250-0-375in. 
Speed of rotation: 3000r. = m. 


Radial bearing pressure: 


1-2501b, 
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(4) DRIVE AND BRAKING SYSTEM 
(4.1) System Description 


With a field scan frequency of 50c/s (or single-frame period 
f 0-02 sec) and using a 3-element optical system, a synchronized 
ns-drum rotational speed of 60/(0-02 x 3) = 1000 r.p.m. is 
quired. 

Owing to the cost and complexity of alternative systems, and 
1e necessity for smooth and quiet operation, a squirrel-cage 
duction motor, in combination with a magnetic brake for 
eed control, has been adopted as a suitable method of pro- 
iding the drum drive. 

Two possibilities exist for interconnecting driving motor and 
riven drum, direct or indirect drive. Using the indirect method 
10wn in Fig. 8, a smooth-face pulley on the motor shaft drives 
1¢ machined rim of the drum end-plate through a rubber-tyred 
ller wheel free running about a spring-loaded countershaft. 
he ‘motor-pulley diameter can then be chosen to give the 
quired drum speed for any convenient motor-shaft speed. 


DRIVEN DRUM 


DRIVING MOTOR 
° 
Za 


Fig. 8.—Rim drive for rotating lens drum. 


The method has the disadvantage that the number of bearings 

quired on the motor, countershaft and drum spindle are all 
otential sources of wear and noise. It is also found that a 
ibber rim drive of sufficient stiffness to transmit the driving 
que is a further source of objectional noise. 

A direct motor drive, using the minimum number of moving 
arts, and with motor shaft and drum axis coincident, has 
erefore been chosen. A coupling with some angular flexi- 
ility is fitted between the motor shaft and drum. The motor is 
jen required to run at a speed fractionally in excess of the drum 
mchronous speed and is locked into synchronism by an electro- 
lagnetic brake actuated from an amplified reference signal 
iken from the rotating drum. 


(4.2) Drive Motor 


The speed of rotation of an induction motor is determined by 
1e number of wound stator poles and the supply frequency. A 
pole motor operated from a 50c/s supply will have a pole speed 
[1000r.p.m. Ifthe supply frequency drops below exactly 50c/s 
le required synchronous speed will never be attained, and the 
ytor speed will be further reduced by the inherent rotor slip. 
_4-pole motor with a pole speed of 1 500r.p.m. must therefore 
> used and must be designed to operate at one-third slip. 

The slip at which maximum torque occurs is dependent on 
tor resistance. If this is chosen to give maximum torque at an 
berating speed of 1000r.p.m. the speed will be independent of 
rque variations at 1000r.p.m., ie. the gradient of the 
eed /torque curve at this point will be zero, and the motor will 
>t respond to control braking. 

The motor in use has speed/torque characteristics of the form 
iown in Fig. 9. The necessary increase in rotor resistance to 
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achieve this has the disadvantage of increasing rotor losses with 
consequent heating and less efficient operation. 

The torque required to drive the drum at a steady speed of 
1000r.p.m. against frictional resistance has been found by 
measurement to be about 10o0z-in. For reasons of economy 
the mean braking torque has also been made 10o0z-in. The 
minimum torque output from the motor should therefore be 
20 0z-in. The motor in use produces a drive torque of about 
250z-in, and is inherently capable of locking the drum into 
synchronism from rest in approximately 20sec with an applied 
voltage of 200 V. 


De) 
(eo) 


TORQUE, LB-IN 


iS 
DRUM SYNCHRONOUS SPEED 


(e) 500 1000 1500 


SPEED, R.P M. 


Fig. 9.—Speed/torque characteristics of drum drive motor. 


(4.3) Magnetic Brake 


Two methods of providing the necessary braking torque have 
been used in experimental machines. Initially an eddy-current 
disc brake was used, whereas in later machines an integral brake 
is incorporated within the motor housing consisting of a d.c. 
winding on the motor stator. 

In the first method, shown in Fig. 10(@), an annular copper 
disc rigidly attached to the driving end of the drum rotates 


COPPER DISC BRAKE WINDING 


= 
DRUM 
ipo Saul 


BRAKE 7 
MAGNET 


(a) 


Fig. 10.—Speed-control brake. 


(a) Separate brake with axial air-gap. 
6b) Motor with integral brake. 
(c) Separate brake with radial air-gap. 


between the poles of an electromagnet. The braking torque 
produced is then proportional to the velocity of the disc and the 
square of the magnetic field. The strength of the magnetic 
field, for any given magnet configuration and power input, is 
inversely proportional to the square of the linear air-gap between 
the magnet poles. 

The difficulty of maintaining extreme axial stability in the 
rotating drum with sleeve-type bearings on the motor shaft 
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necessitates the use of a large air-gap, thus reducing the braking 
efficiency and increasing the power requirements of the braking 
system. 

The integral brake method also has disadvantages in that the 
additional winding causes a further undesirable temperature rise 
of the motor assembly and has proved to be complicated and 
expensive in manufacture. 

It is considered that an external separately mounted brake 
with a radial air-gap between magnet poles and using possibly 
an eddy-current ring as shown in Fig. 10(c) would be a more 
suitable arrangement. 

The effects of stray magnetic fields from the motor and mag- 
netic brake on the picture have been minimized. Some electron- 
beam deflection giving incorrect colour rendering on the viewed 
image can occur, particularly when using external brakes in close 
proximity to the electron tube. Efficient magnetic screening of 


motor and brake, and the suitable disposition of the components: 


is therefore necessary. A possible final arrangement is shown 
in Fig. 11. 


FLEXIBLE COUPLING 


MAGNETIC SCREEN 


MOTOR 


i 
LENS DRUM BRAKE MAGNET 


Fig. 11.—Arrangement for motor and brake. 


(5) NOISE 


(5.1) Source of Noise 


High-quality sound reproduction has become an accepted 
feature of domestic television. The maintenance of this feature 
is therefore a prime requirement of any new receiver. 

In a system such as the banana-type display using mechanically 
moving parts, the sound associated with this movement must be 
inaudible at viewing distance, or at least sufficiently subdued to 
be indistinguishable above normal speaker background noises. 

The major sources of noise emanating from the rotating field 
scan mechanism of early experimental banana-tube receivers 
were found to be the following in order of magnitude: 

Bearings. 


Vibration due to out-of-balance and out-of-roundness effects. 
Wind noise. 


Motor magnetic hum due to 50c/s excitation. 

A very considerable reduction in noise level was found to be 
necessary at this stage, and subsequent modifications have, in 
fact, given marked improvements in this respect. 

In later machines, the main sources of noise were end float of 
the driving-motor shaft, and out of roundness of the drum 
support rollers. These are dealt with in Sections 5.2 and 5.3. 


(5.2) Motor Noises 


Axial movement of the motor rotor assembly, due to the 
accumulation of dimensional tolerances of motor casing and 
shaft, has been reduced, and intermittent bumping of the motor 
shaft eliminated, by the use of felt packing washers positioned 
between motor-shaft shoulders and bearing ends. Vacuum 
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varnish impregnation of the wound stator core has effected 
substantial reduction of lamination vibration and conseque 
motor magnetic hum. 


(5.3) Vibration 


The effects of out of roundness of the rubber-tyred rollers, a1 
to a lesser extent the drum rim, are found to be more significa 
and more difficult to eliminate. The significance of the no: 
emanating from the rubber rollers and the importance of su 
duing this has been demonstrated by sliding the drum round 
its synchronous speed on water-lubricated fixed rubber pa: 
The reduction in noise under these conditions is marked, ¢ 
noise from the mechanism being reduced to an almost inaudit 
level at a distance of a few feet. The method, however, is 4 
considered applicable to a domestic television receiver. 

Using rubber rollers, permanent deformation of the mater 
under load in the at-rest state, owing to the inherent compressi 
set characteristics of rubber and rubber-like materials, induc 
radial movements of the drum about its axis, and hence vibt 
tion of the rotating system. 

The minimum frequency of disturbing vibrations at a dru 
speed of 1000r.p.m. will be 1000cycles/min and the maxim 
several thousand cycles per minute, depending upon the numt 
of flats which may have developed on the supporting rollers 

In order that drum resonance shall not occur, and ‘# 
harmonic components of the periodic disturbance may 
ignored, the resonant frequency of the supported drum shet 
be less than 1000cycles/min. A safe margin would be prov 2 
by a drum resonant frequency of 750 cycles/min. 

The necessary deflection to give this resonant frequency m 
be determined from the following relationship for simp 
harmonic vibrations: 

w 


T = 27,/— 
eg 


where T = Periodic time, sec. 
w = Supported weight, = 2b. 
e = Stiffness of supports, Ib/in deflection. 


and 


where N = Frequency of vibrations, cycles/min 


Scans 2 aw xX 750\2 
2\307" 322512 30 


Therefore the required deflection is 2/32 = 0-062 in. 


Thus] 2 


= 32Ib/in. 


The provision of this large deflection without the added ¢ 
and complication of using separate high-deflection mounts } 
proved difficult. Soft rubbers with sufficiently low compress: 
set characteristics have not been found. Reasonable resi 
have, however, been obtained using silicone rubbers of hardn 
50° BS by suitably shaping the rubber to give deflections of abs 
0-04 in under load. 

Under these circumstances drum resonance will occur dur 
acceleration from rest to synchronous speed, but the accelerat 


will be sufficiently rapid to prevent vibrations of large amplitt 
from being attained. 


(5.4) Residual Noises 


It is anticipated that residual noises such as that due to 
turbulence will be effectively subdued by enclosing the frat 
scan mechanism and drive system in a suitably shaped case lit 
with a sound-absorbing material. 
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(6) VIEWING MIRROR 
(6.1) Requirements 


In order to provide a reasonably adequate field of view the 
mensions of the curved viewing mirror must be larger than the 
ture image. A mirror of 28 in width has been chosen giving a 
rizontal viewing angle of approximately 50° for a picture with 
20 in diagonal. 

The mirror is cylindrical in shape with a hyperbolic cross- 
ction, the mirror axis lying parallel to the axis of the lens drum. 
ovement of the observer results in a movement of the image 
lative to the mirror. Under these circumstances unevenness 
undulations in the mirror surface will produce image dis- 
ttions with viewer movements. 


(6.2) Glass Mirrors 


The few glass mirrors manufactured for experimental purposes 
we not been entirely satisfactory in this respect, random varia- 
ms in surface shape and consequent image distortions being 
scernible. The mirror backings were made by the established 
chnique of sagging a heated glass plate on to a shaped former, 
id the method clearly requires further development before 
irrors of the required accuracy can be consistently produced. 


(6.3) Metal Mirrors 


Electro-polished metal mirrors have been made experimentally 
the required hyperbolic shape and distortion-free. The 
lality of surface finish, however, has been found inferior to 
ass, the crystal boundaries of the metal giving an orange-peel 
fect on the mirror surface. 


(6.4) Plastic Mirrors 


Vacuum aluminized thermoplastics may provide a more 
itable alternative. Such materials of sufficient thickness and 
lequately supported, possibly on a plastic moulded backing 
ame, would appear likely to compare favourably in cost with 
ved-plate glass mirrors and have the added advantage of 
duced weight. 


(7) CABINET DESIGN 


The original objectives of the banana-tube project and its 
sible future application to a fully-engineered domestic colour- 
levision receiver have led to a consideration of possible cabinet 
signs. 

Recent tendency in receiver cabinet design is towards reduc- 
ms in cabinet depth by the use of wide-angle tubes. In the 
mana-tube device front-to-back cabinet depth is determined 
the diameter of the field-scan drum and its position relative 
the viewing mirror. This compares favourably with receiver 
binets using direct-viewing wide-angle tubes. 

Experimental machines built for system analysis purposes have 
en based on an image size of 16in x 12in, giving a diagonal 
'20in. Using a 6in-diameter drum this gives an overall 
binet depth of about 12in. Other image sizes could be 
‘tained by scaling the dimensions of tube and field-scan com- 
ments up or down, but a decrease in image size would probably 
tt give a corresponding decrease in cabinet width. Any 
crease in image size would benefit the image-width/overall- 
dth ratio, and the present dimensions can therefore be regarded 
a reasonable minimum. 

The volumetric requirements of circuit, tube, field-scan and 
ive mechanism has been assessed as 7:5 ft?, and the minimum 
binet width is 36in for a picture of the present dimensions. 
ssible final cabinet designs based on these dimensions are shown 
Figs. 12(a) and (6). 


Fig. 12.—-Possible cabinet designs. 


A first prototype receiver has been built generally in accord- 
ance with Fig. 12(a) using an internal open-type metal framework 
on which flat panels forming the side, front and rear members of 
the cabinet are fastened by spring clips. Wood-frame cabinets 
are considered unsuitable owing to the necessity for providing a 
support for the rotating-field scan mechanism of sufficient 
dimensional stability, independent of external effects, e.g. 
variable atmospheric environment. 

The construction used is found to be particularly convenient 
for a development prototype, the panels being quickly removable 
to give ready internal access. For simplicity of maintenance the 
method is also likely to provide a more acceptable basis for a 
final cabinet design than the conventional open-back screw-in 
chassis box construction. 


(8) CONCLUSIONS 


The construction of the major mechanical components of the 
proposed new colour television receiver has been considered, 
and it has been shown that problems concerning the reliability 
of and noise from the rotating field scan mechanism need not 
be a basic objection to the system. 

The unusual cabinet proportions, and the presence of a large 
and essentially visible rotating drum, can probably be made 
acceptable by careful attention to cabinet design. 
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SUMMARY 
The circuits necessary to operate the banana-tube colour display 
are described under the headings of tube supplies, drum synchroniza- 
tion and video-signal processing. Circuit techniques which are 


peculiar to this form of colour-picture display are described in some 
detail. 


(1) INTRODUCTION 


In order to produce colour pictures on the banana-tube display 
a wide variety of circuits is necessary. For a complete receiver, 
of course, some of these circuits would be identical or very 
similar in form to those employed in present monochrome 
receiver practice, whilst others would perform functions which 
would be common to all colour receivers intended for use with 
a particular transmission system—for example, the well-known 
N.T.S.C. system. Circuits of these types will be discussed only 
briefly here where they differ from established practice. 

The remaining circuits will be described as follows: 

Tube Supplies.—This Section will deal with the circuits con- 
cerned with the production of a reasonably focused spot and a 
satisfactory time-sequential scanning of the tri-colour phosphor 
triplet—and possibly an additional white phosphor stripe. It 
will include such functions as focus, focus modulation, spot- 
wobble, spot-wobble modulation ‘earth’s-field’ correction, field 
shift, etc., as well as any deviations from conventional practice 
of line-scan, e.h.t., etc. 

Drum Synchronization.—As the field scan in the banana 
display is produced by means of a rotating lens drum, the 
problem of synchronization with acceptable interlace is very 
important and interesting and is discussed in some detail. 

Video-Signal Processing—This Section will deal with the 
various video-signal circuits necessary for producing a tri-colour 
picture on the single-gun tube. Although time-sequential gating 
of the primary red, green and blue signals may be employed 
and a possible circuit is briefly described, it is widely acknow- 
ledged that for single-gun tubes and composite video signals of 
the N.T.S.C. type the most logical and convenient method of 
operation is that known as self- or direct-decoding. A method 
of self-decoding for this display is described and the difficulties 
and some alternative methods are also considered. 

As the various operating tolerances form the subject of 
another paper! they will be mentioned here only in so far as 
they affect the design of the various circuits. 


(2) TUBE SUPPLIES 
(2.1) Line Scan 


The electron optics of the present display have already been 
described elsewhere in some detail.2, The main feature is the 
permanent magnetic field produced by the bar-magnet assembly 
surrounding the tube, which for a number of reasons has a 
non-uniform field gradient along the length of the bulb. It 
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will be clear that with such a non-uniform field the current wa 
form in the deflector coils to produce a linear scan will : 
necessarily be linear. However, to improve further the reso 
tion of the device, an experimental deflector-coil assembly 
used, consisting of a pair of conventional 90° coils with a furt 
pair of small ‘corrector’ coils mounted within them. The m, 
coils are each 197 turns of No. 29 s.w.g. wire wound on a 2°3 
diameter mandrel. The corrector coils are each 180 turns 
No. 34 s.w.g. wire wound on a 1:0in mandrel. The yv« 
consists of two 8-slot cores. The four coils are connected 
series, and the current waveform for linear scan at an €1] 
of 25kV is shown in Fig. 1. Some linearity correction 
necessary and some care in transformer design appears te 

needed to avoid ringing. The present design of line time-ba 
which incorporates provision for adjustable line-scan centri 
employs two line-output pentodes type EL81 in parallel, * 
a type EY81 as booster diode. The design is by no means 

optimum one, but since it is envisaged that a final design w> 
incorporate the e.h.t. supply from an overwind on the tra 
former—as is common practice—it was not felt desirable 

expend much effort on this part of the circuit design, particula 
as the initial concern was the appraisal of the display device its 


mA 


DISTANCE ALONG STRIP,.m 


-2 OOF 


LINE COIL CURRENT, 


~ 40 


Fig. 1. 


Line-scan current waveform. 


(2.2) E.H.T. 


As mentioned above it is the usual practice to derive 
required e.h.t. power from an overwind on the line transforn 
The e.h.t. requirement for the banana tube is of the order 
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004A at 25kV. In order to ensure stable operation of the 
isplay, the e.h.t. must be stabilized against the effects of 
mean beam current and mains voltage fluctuations. From 
onsiderations of the effect of changes in e.h.t. on spot- 
yobble amplitude on the phosphor triplet, etc., it appears 
ecessary to stabilize the e.h.t. to within 2 or 3% or less. 
Vith an overwind e.h.t. supply a good shunt-stabilized, pulse- 
egulated or a similar type of circuit should just be capable 
f meeting this requirement, which is perhaps somewhat more 
tringent than for a shadow-mask-tube display. In the present 
Kperimental apparatus the e.h.t. is supplied by a separate 
tabilized power unit. 


(2.3) Focus 


The spot-size requirements of this display and the high peak 
eam currents necessary (~2-5mA), combined with the uncon- 
entional electron optics, place severe demands on the per- 
ormance of the electron gun. So far, the best performance 
s regards spot size has been obtained with magnetically focused 
riode guns. At present, a high-quality electromagnetic focus 
oil is used, working at a current of 107mA, which for best 
esults must be maintained constant within less than 2%. 
urrent stabilization is therefore necessary to eliminate the 
ffects both of mains voltage fluctuations and of the change of 
oil resistance with warm-up due to the large thermal capacitance 
f the coil case. 

In view of this complication, investigations are in hand to 
[rive at a satisfactory solution using a permanent focus magnet. 
Aitial results show promise. 


(2.4) Focus Modulation 


Focus modulation is necessary during line scan. A satis- 
ctory arrangement has been reached by using a separate small 
oil (consisting of 240 turns of No. 34 s.w.g. wire) to provide 
nly the change in focusing field. This coil is mounted on the 
eck of the tube inside the main focus coil, and a very useful 
rst-order approximation to the required current variation is 
mMveniently obtained by driving this coil in series with the line 
eflector coils. The effect on the performance of the latter is 
nall. 


(2.5) Spot Wobble 


As with all single-gun colour tubes, the tri-colour picture is 
btained by time-sequential sharing of the beam current between 
le three phosphors. In the banana tube this is achieved by 
obbling the spot across the phosphor triplet at a high video 
equency in a manner analogous to that used in the well-known 
awrence tube. To minimize visibility of dot structure and loss 
f resolution, this frequency should be as high as possible in 
ie video spectrum, but too high a frequency adds to the circuit 
ficulties and is unnecessary. From considerations of circuit 
mplicity and dot-interlace requirements it is most convenient 
employ the colour subcarrier frequency (2°6578125 Mc/s for 
e British 405-line version of the N.T.S.C. system) which gives 
fo important advantages. In the first instance, a complete 
ceiver for N.T.S.C.-type signals will contain a subcarrier phase- 
ck circuit which provides a ready source of drive for the 
lour-selection circuits. Secondly, colour selection at the sub- 
trier frequency permits the use of self-decoding techniques 
uich will be discussed later. Although with gated operation 
y higher multiple of the subcarrier frequency giving dot- 
terlace (e.g. Zf,.) could be used, this arrangement is in fact 
9 complex to be practicable. 

For the banana system there appears at first sight to be a 
der choice of colour selection waveforms than in the Lawrence 


ial 


tube, which, owing to the high capacitance of its switching grid 
(~3000pF), is effectively limited to sine-wave switching. The 
banana tube, with its single-line phosphor triplet, is not so 
limited, and it would be desirable to use sawtooth spot wobble 
to obtain a continuous colour sequence RBGRBG ... , which 
would be most suitable for self-decoding operation of the tube. 
However, the power required for spot wobble is not negligible 
and stable wobbling waveforms involving more than the second 
harmonic of the colour-selection frequency do not appear to be 
easily obtainable. For the most part, therefore, work has been 
confined to sine-wave spot wobble, which gives a reversing colour 
sequence, e.g. RGBGRGBG ..., although some work has been 
carried out on the introduction of the second harmonic to obtain 
a first-order approximation to the continuous colour-sequence 
sawtooth waveform. 

To date, in the interests of keeping the banana tube itself 
as simple as possible, electromagnetic spot wobble has 
been employed. The alternative possibility of electrostatic 
spot wobble has been considered only briefly and has not so 
far been investigated practically. Apart from the difficulties 
of supplying power to deflection plates inside the tube, 
which is at a potential of 25kV, it would appear that de- 
flection voltages significantly in excess of 1kV (p—p) are neces- 
sary. For electromagnetic spot wobble, a pair of small coils 
are mounted on the neck of the tube before the line deflector 
coils. With sine-wave spot wobble, the most convenient arrange- 
ment, of course, is to tune the coils to resonance at the colour- 
selection frequency and to drive the circuit with a class C output 
stage. In the worst case (because of the need to modulate the 
spot-wobble amplitude for reasons discussed in the next Section) 
the coils need to generate an m.m.f. of the order of 80 AT (p-p) 
in order to deflect the spot to the outer edges of the outer stripes 
(a peak-to-peak deflection of 8mm). 

For a given h.t. line voltage, output-valve peak current and 
coil dimensions, it can be shown that maximum m.m.f.s are 
obtained when the coil inductance is reduced to the point 
where the full available peak current of the valve is required 
to maintain class C operation. The choice of coil dimen- 
sions is of necessity a compromise, since the coils must be 
screened to prevent undesirable radiation. Since the size of the 
screening box is limited by the available neck space, large coils 
in a small box would have their effective Q-factor appreciably 
reduced, whereas small coils would inevitably result in reduced 
deflection sensitivity. The present arrangement, which, though 
satisfactory, is not claimed to be an optimum design, consists of 
two coils, 14in x #in, each of 4 turns of No. 18 s.w.g. wire, 
arranged with the larger dimension round the circumference of 
the neck in a brass box measuring 3in xX 4in x 2in. The coils 
connected in series give a total inductance of 2:5 uH and are 
tuned with a variable capacitor of about 1 200 pF which is capable 
of withstanding the r.f. circulating current of several amperes. 
The effective coil Q-factor in situ in the box is about 60, and 
satisfactory performance is obtained using a type EL81 pentode 
operated in class C from a 300V h.t. line. 

It is shown elsewhere! that, for stable colour rendering, the 
spot-wobble amplitude and therefore the h.t. supply to the spot- 
wobble output stage must be stabilized to within 2 or 3%. At 
present, of course, all power supplies are stabilized. For a 
domestic receiver with an unstabilized power supply it would be 
necessary to provide a stabilized h.t. line to this stage. 

It has been mentioned that some work has been done on the 
introduction of the second harmonic to the spot-wobble wave- 
form. In fact, with appropriately phased 40% second harmonic 
a useful first approximation to a sawtooth waveform is obtained, 
which gives a desirably longer dwell time on the centre phosphor 
stripe. This has been achieved by modifying the spot-wobble 
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tuned circuit to have a reduced response to the fundamental 
and an increased response to the second harmonic by the addition 
of extra components (Fig. 2). The resulting efficiency of this 
circuit is not high, and it was found necessary to use two type 
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Fig. 2.—Second-harmonic spot-wobble output circuit. 


EL81 pentodes in parallel and a 2:1 step-up transformer of 
17 primary and 34 secondary turns. In addition to low efficiency 
the tuning of this circuit was found to be very critical and subject 
to unaccountable (probably temperature-dependent) drifts. 
Thus, although this type of spot-wobble waveform is very 
desirable, it does not appear easy to obtain in practice. 


(2.6) Spot-Wobble Modulation 


For satisfactory colour selection in the banana tube it will be 
clear that a constant amplitude of spot wobble across the 
phosphor triplet is necessary along the length of the triplet. 
In the absence of any constraining fields, the required selection- 
frequency current amplitude in the coils is inversely proportional 
to the distance of the spot from the deflection centre. However, 
the presence of the magnetic ‘tram-line’ field, which rises to a 
maximum strength at the far end of the tube, appreciably modifies 
this requirement. Fig. 3 shows the required variation of spot- 
wobble-coil current amplitude as the spot scans the length of 
the triplet with the magnetic field configuration used in the 
present display. In order to meet the rather close spot-wobble 
amplitude tolerance (which arises as a result of the requirement 
of a uniform white across the raster), this modulation waveform 
must be reproduced with its amplitude within 2 or 3% of the 
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Fig. 3.—Spot-wobble modulation waveform. 
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required value at each point along the scan. For mu 
of the experimental work a convenient technique based on t 
passive convergence circuit used in current shadow-mask-tu 
receivers has been used. Fig. 4 shows the circuit used at prese 
A fairly pure sine-wave of appropriate phase is derived from 
pulse obtained from the line transformer by means of t 
inductively low-side-coupled double-tuned circuit. This is th 
integrated, clipped and partially detected, and with the additi 
of a further portion of line-flyback pulse, something near to t 
required asymmetric waveform is obtained, and this is used 
grid modulate the spot-wobble output valve. As the faii 
high Q-factor of the spot-wobble circuit tends to smooth out t 
effect of rapid transitions in the modulating waveform this nn 
be taken into account. This type of circuit does not give 
entirely satisfactory performance, and indications are that 
accurately correct modulating waveform can be obtained cz 
by means of a fairly elaborate active circuit. 

Modulation of the spot-wobble output valve in this way lea 
to an additional difficulty owing to feedback through © 
This is not insignificant at 2-66 Mc/s and leads to phase modu 
tion of the spot wobble by as much as 30°, which is qu 
unacceptable. The necessary neutralization is, however, read 
achieved by earthing the centre tap of the coils, which enad 
an appropriate amount of anti-phase sine wave to be cous! 
back to the grid via a small adjustable capacitor. 

As an alternative to modulation of the spot-wobble curre 
investigations have been carried out into the possibility of usi 
two much smaller coils mounted after and even on the ‘i 
deflection yoke and driven with a current of constant amplitus 
The displacement with line scan of the beam path in the v 
non-uniform field produced by these coils can then be made 
yield a suitable variation of spot-wobble deflection sensitivi 
Unfortunately, in addition to being much less sensitive, t 
arrangement leads to a variable tilt of the spot wobble w 
respect to the stripe triplet and a consequent misregistration 
verticals in some parts of the raster. This effect is alm 
certainly due to the effect of field non-uniformities, and 
adjustments of modulation are difficult with this arrangem: 
it has not been pursued. 


(2.7) Field Shift 


Although it is essential that the excitation of the phospl 
triplet should yield a satisfactorily uniform white, an interest 
possibility with the banana tube is to use a separate wide wt 
phosphor stripe parallel to the tri-colour triplet to prod: 
optimum black-and-white pictures on monochrome transn 
sions. Deflection on to this adjacent white strip could ea: 
be arranged to take place, for example in the absence of 
reference colour burst from the transmitted signal, by pass 
direct current through a pair of field coils on the line-deflect 
yoke. With two series field coils each of 1000 turns of No. 
S.w.g. wire, a current of only 8mA is required to deflect 
scan on to a white phosphor stripe 1mm from the tri-col 
triplet. In general, partly owing to the constraining effect 
the magnetic tram-line field, the resultant scan will not b: 
straight line, but provided that the spot remains on the stt 
and the curvature of scan is not so large as to produce noticea 
curvature of the scanning lines in the final demagnified ime 
this is not important. 


(2.8) Earth’s Field Correction 


As with most known colour displays the banana tube exhi 
susceptibility to the earth’s magnetic field, but for this tube: 
effects are very pronounced, as accurate colour selection depe: 
on accurate tracking of the spot along and across the stripe trir 
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Fig. 4.—Spot-wobble modulation circuit. 


uich is controlled from the neighbourhood of the gun by what 
ight be termed a ‘dead-reckoning’ process. The various effects 
we been investigated? and the salient conclusions are given 
sewhere.! The most important effect is a transverse displace- 
ent of scan, which increases to a maximum near the end of 
an and consists of a fixed displacement with a maximum value 
about 8mm, caused by the vertical component of the earth’s 
Id, and a variable displacement with a maximum peak-to-peak 
lue of 3mm, which is caused by the horizontal component 
id which, of course, varies with the orientation of the dis- 
ay. As the effect of the field is cumulative throughout the 
ith of the beam, it is apparent that correction for these effects 
not possible by judicious adjustment of the focus or line coils 
the field-shift current alone. In the present display, correc- 
m for both effects, at least to first order, is achieved by 
pplying an adjustable current to a large coil surrounding the 
lb and parallel to the triplet plane. This current needs to be 
ibilized to a few per cent, but for a coil of 650 turns of No. 42 
V.g. wire a current of the order of only 10mA is necessary 
d this could be easily derived from the stabilized h.t. line 
pplying the spot-wobble output stage, assuming that thermal 
ects do not cause a significant change in the resistance of 
© coil. 


(3) DRUM SYNCHRONIZATION4 


(3.1) Introduction 


In the banana-tube display the field scan is obtained by 
> motion of three cylindrical lenses fixed symmetrically 
ound the periphery of a cylindrical drum. To obtain proper 
Id scan the drum must be rotated at the appropriate sub- 
iltiple of the field frequency, and the phase of the rotation 
ist be accurately fixed with respect to the field synchronizing 
Ise to yield a stationary and satisfactorily interlaced raster. 

As the mechanical and electrical tolerances are discussed in 
tail elsewhere! they will be mentioned here only in so far as 
sy apply to the circuit functions. Systematic errors due to 
viations of the optical elements from their correct locations 
2 a problem for the mechanical designer and only the elimina- 


tion of the random errors due to non-uniform rotation of the 
drum are considered. 

High-speed variations in drum velocity, ie. at greater than 
ic/s, are chiefly mechanical in origin, and may, for example, 
be due to changes in friction and in motor torque. These 
speed variations will in turn lead to phase variations, which 
will be evident as lack of interlace, accompanied by line crawl 
and weaving or jitter. Owing to the flywheel type of synchro- 
nization inherent with this device, the line pulses can have only 
a negligible effect on the field scan and loss of interlace of the 
ordinary kind cannot occur. 

Intermediate-frequency variations in drum velocity, i.e. over 
periods of the order of a few seconds, will be visible as an 
oscillation, or jitter, of the raster as a whole. Variations in this 
frequency band will be determined principally by the response 
of the controlling servo mechanism to transient ee of 
torque. 

Finally, very-low-frequency variations may be visible. They 
may be caused by slow changes in driving and control torque » 
due to changes in the motor, h.t. and heater supply voltages, 
etc., largely as the result of mains-voltage fluctuations. 


(3.2) Control System 
(3.2.1) General Considerations. 


The mechanical arrangement for producing the field scan and 
its associated control equipment can be considered as a time-base 
system analogous to that used in a line-scan circuit employing 
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Fig. 5.—Elementary servo system. 


608 


automatic frequency control. However, whereas the control 
system and oscillator of the latter may be substantially free of 
noise and fluctuations, the mechanical system may suffer large 
and random variations of torque, which must be rendered 
ineffective by the control system. On the other hand, owing to 
the low bandwidth requirement, the noise associated with the 
field synchronizing pulse is much lower than that associated 
with the line synchronizing pulse. The design requirements are 
thus fundamentally different. Fig. 5 shows the basis of an 
elementary servo system for drum synchronization, which con- 
sists of the following components: 


A source of information as to the instantaneous position of the 


drum. 
A comparator where this information is compared with an 


external synchronization signal and an error signal derived. 

A control amplifier deriving an output from the error signal 
suitable for actuating the control-torque generator. 
A source of control torque. 

The source of reference signals must give an accurate and 
unambiguous indication of the instantaneous position of the 
rotating drum, and their phase accuracy must be comparable 
with the required accuracy of positioning of the optical elements. 

Disturbances of torque should be as small as possible, which 
is necessarily a problem for the mechanical designer. On the 
other hand, it can be shown that the mechanical damping on the 
drum should be as high as possible, i.e. the smooth friction 
torque should be large. 


(3.2.2) Mechanical Control System. 


The most convenient of the possible methods is to drive the 
drum from an induction motor and to control by means of 
an eddy-current brake. The induction motor provides a cheap 
and smooth form of drive, and smooth control is possible with 
the eddy-current brake, which also provides useful smooth 
damping on the mechanical system. The design of the integral 
motor and brake at present in use and its characteristics are 
fully described elsewhere.» 


(3.2.3) Phase Reference Generator. 


Of the various possible methods of obtaining accurate posi- 
tional information from the rotating drum, the best appears to 
be one using a photo-electric device that responds to the inter- 
ruption of a beam of light by the rotating drum. The present 
system uses a small lamp on the outside of the drum opposite 
a photo-transistor mounted on the inside. The light falling on 
the photo-transistor is modulated by the passage of the lens 
rods and a clean reference pulse of some ten volts amplitude is 
obtained each time. The advantage of taking the reference 
information from the lens rods themselves will be obvious. 


(3.3) Design of the Control Circuit 
(3.3.1) Mechanical Characteristics and Smoothing Effect of Inertia. 


In the present system the torque required for driving the 
drum at 1000r.p.m. is about 100z-in (7 x 10°dyn-cm). Ideally 
the mean braking torque should be as high as possible, but for 
economy it has been made equal to the torque required to drive 
the drum alone, so that the total torque required from the motor 
is 200z-in. 

It is evident that the mechanical inertia of the system will 
tend to maintain the velocity of the drum constant in the presence 
of variations of friction torque and drive torque. From an 
approximate analysis of the system it appears that the inertial 
smoothing will be effective for periods up to a maximum of 
about 0:Olsec. Ideally the servo mechanism should compensate 
for all changes of torque period longer than this and so should 
have a bandwidth of about 15c/s. 
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(3.3.2) Limitations due to Sampled Operation. 

The information fed into the phase detector is not continu: 
but consists of a signal sampled at 50c/s, and this constitute 
limitation on the servo system. The bandwidth is, in fe 
further limited, since it can be shown® that a sampled syst 
cannot convey unambiguous information at frequencies grea 
than half the sampling rate, w,. 

The output from a sampled system should be smoothed 
remove high-frequency components from the signal. Unf 
tunately, an ideal low-pass filter introduces excessive phase 
which affects the circuit stability. A very useful filter | 
sampling operation is the holding circuit which maintains 
output constant at the Jast sampled value until the next sampi 
interval when the output changes instantaneously to the n 
sampling value. An approximate method of obtaining 
frequency and phase characteristics of this circuit has b& 
described’ which is useful at frequencies below 4w,. 1 
amplitude is substantially constant up to jw, but the ph 
shift is quite large even at this frequency, so that it is the lat 
characteristic of the holding circuit that has most influence 
the servo mechanism. 


(3.3.3) Phase Comparator. 

The phase comparator compares the reference signal from ° 
drum with the field synchronizing pulse and yields an er 
signal dependent on their relative phase. The sensitivity of - 
phase detector will be determined by the slope of its characteris 
measured in volts per radian. To obtain high sensitivity wi 
out overloading, a characteristic of the form shown in Fig. £ 


VOLTS 


Fig. 6.—Phase-comparator characteristic. 


used. Since operation on only one of the sloping edges of 
characteristic gives stable operation, the slope of the unsta: 
portion need not be closely controlled. If a waveform of t 
shape is sampled by a short pulse, the output will depend ur 
the relative pulse phases. The most suitable type of sampl 
gate consists of a switch in series with the signal, as shown 
Fig. 7. If there is no charge leakage from the capacitor and _ 
switch has a low impedance the circuit will behave as an id 
holding circuit. 


INPUT 


SAMPLER OuTPUT 


Fig. 7.—Basic sampling gate. 


(3.3.4) Complete Servo Mechanism. 

As it is not possible to give here the full analysis of the se 
system only the important conclusions will be given. 

For a well-damped transient characteristic it is desirable 1 
the resonance peak of the closed-loop system should not exc 
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3dB. For a circuit without phase correction this restricts the 
rmissible loop gain and also restricts the bandwidth to 0-06 c/s. 
his is very low compared with the required bandwidth of 15 c/s. 
urther increase in bandwidth must be accompanied by some 
jase correction. Fig. 8 shows a suitable type of phase lead 


Fig. 8.—Phase lead network. 


stwork, which has made it possible to increase the loop gain 
y 33 times and the bandwidth to 2c/s without losing the 
quired transient characteristic. 


.3.5) Steady-State Characteristics. 


Analysis of the steady-state characteristics of the loop shows 
lat for a static vertical tolerance of +24°% for the raster 
Osition (which is for an assumed 5% overscan) the maximum 
llowable change in drive torqueis 6%. This is not sufficient to 
nable the servo mechanism to cope with possible variations in 
le Mains supply voltage to the motor and it would be desirable to 
uise the circuit gain by about five times. If this were obtained by 
creasing the system bandwidth, further compensation and an 
crease in amplifier gain of about 25 times would be necessary, 
though this would result in a bandwidth closer to the target 
gure of 15c/s. An alternative solution would be to incor- 
orate an open-loop correction to offset the effects of mains- 
oltage variations. 


.3.6) Design of Experimental Drum Control Circuit. 

Fig. 9 shows the complete experimental control circuit used 
t present, which is built in accordance with the principles out- 
ned above. The operation is as follows: 

The positive-going reference pulses produced by the photo- 
ansistor are amplified and differentiated to yield a trigger 
ulse for the flip-flop V, which is adjusted to give a 50c/s square 
ave with a unity mark/space ratio. This is partially integrated 
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and clipped by V3, to give the desired reference waveform with 
sloping edges for operation of the phase comparator. This 
reference waveform is sampled in the phase detector, which 
consists of a 4-diode ring driven into conduction by push-pull 
field synchronizing pulses produced by V3. The output is 
stored in the 0-1 F capacitor in the grid circuit of V¢, which 
functions as a d.c. amplifier. It is coupled to the output pentode 
V7 by means of a voltage divider, which is shunted by a 0-25 uF 
capacitor to function as a phase lead network. Additional 
phase correction is provided in the screen and cathode circuits 
of Vs. The magnetic brake windings form the anode load of 
the output pentode, the average brake current being adjusted 
by altering the negative grid bias to the valve. Although 
basically as designed, the performance is slightly more complex 
owing to the presence of additional time-constants. There is 
a time-constant due to the brake winding inductance in series 
with the driving impedance. The brake winding has a large 
number of turns to yield a high sensitivity and in consequence 
may have an inductance as high as 50H. It is therefore neces- 
sary to shunt the windings by a resistance to limit the voltage 
across them if the current is suddenly turned off, as may happen 
during pull-in. A 25kQ damping resistor limits the voltage 
change to less than 1350 V for a current change of SOmA, but 
this is still undesirably high. The type EL84 pentode has an 
anode impedance of 38kQ which is approximately doubled by 
cathode feedback. The parallel output resistance is thus about 
20 kQ, giving a time-constant of 2-5 x 10~—3sec and a phase shift 
of 45° at 65c/s. 

Additional phase shift occurs owing to the finite charging impe- 
dance of the phase detector. The diode impedance can be kept 
low by driving the diodes well into conduction, but owing to its 
low gating duty cycle (~1/50) the effective source impedance of 
the reference waveform, which is the charging impedance of the 
0-1 pF capacitor, is about 50 x 1-5kQ, ie. 75kQ. This gives 
a time-constant of 7-5 x 10-3sec. To avoid introduction of a 
further phase delay of 180° at 50c/s it is desirable that the output 
be taken from the flip-flop with such a polarity that the control 
is derived from the leading, or triggered, edge of the pulse. 

The position of the photo-transistor is adjustable over a 
limited range and serves as a fine vertical shift control. 


(3.3.7) Performance of the Experimental Circuit. 
The experimental unit appears to behave substantially as 
predicted. The transient oscillation frequency is of the order 
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of one or two cycles per second, and despite the limited band- 
width the synchronizing performance seems to be fairly ade- 
quate, although some jitter is apparent to the critical observer. 

Although no attempt has been made to analyse the pull-in 
performance, two points are apparent. One is that, owing to 
the relatively low frequency of operation, pull-in times may be 
quite large. The other is that the catching range cannot be more 
than the servo-system bandwidth, and will be less than +2c/s 
for a bandwidth of 2c/s. The uncontrolled drum speed must 
therefore be within 4° of the correct drum speed for pull-in 
to be at all possible. 

The pull-in characteristics of the present integral-motor unit 
are unsatisfactory. In an alternative, and economically prefer- 
able, design employing a separate synchronous motor driving 
the drum through an idler wheel, the motor has been arranged 
to run nearer to its synchronous speed when driving the drum 
at 1000r.p.m. This tends to make the drum run near to this 
speed under a wider range of conditions and pull-in is more 
satisfactory. For the integral motor system the pull-in range 
might be extended by means of a 2-mode control system, a 
velocity control loop being employed to bring the drum speed 
within the catching range of the phase control loop. 


(4) VIDEO-SIGNAL PROCESSING 
(4.1) Gating Circuits 

In the banana tube the time-sequential sharing of the beam 
current between the primary phosphors is obtained by means 
of the spot wobble. The problem is then to provide the gun 
of the tube with an appropriate sequential signal so that the 
required tri-colour picture is reproduced. 

An obvious method of producing the required video signal is 
to simulate 3-gun tube operation by gating or sampling the 
primary red, green and blue signals in synchronism with the 
passage of the spot over the phosphor stripes. The difficulties 
involved in obtaining satisfactory colour pictures by this method 
have already been considered by the author,® and it has been 
shown that quite complex circuits are necessary for adequate 
performance. The circuit at present in use employs low-level 
gating of the red, green and blue signals followed by a 30 Mc/s 
wideband video amplifier, which, in order to provide the required 
drive, employs a 40W anode-dissipation transmitting valve for 
the output stage. 

The main difficulty with this technique is that it is necessary 
accurately to match the overall transfer characteristics of the 
three channels in order to obtain satisfactory grey-scale render- 
ing.? One solution is to use the low-level gating circuit for 
colour-difference-signal gating only, the luminance signal being 
separately supplied to another electrode, e.g. the grid, of the 
cathode-ray-tube gun. This, of course, makes it necessary that 
BO aes of the phosphors be balanced to give an acceptable 
white. 

Both these methods have enabled colour pictures to be 
obtained on the banana tube which are limited in performance 
only by the limitations of the display device itself, but these 
methods of tube operation, though of great value in the labora- 
tory, are too uneconomic for a domestic receiver. The stringent 
requirements of a gating circuit make simpler yet satisfactory 
circuits extremely unlikely, and the need to decode the received 
signal completely or almost completely cannot be ignored. 
Quite apart from this it seems a basically unsound approach 
deliberately to turn a single-gun tube into a simulated 3-gun 


display. 
(4.2) Self-Decoding Circuits 


With N.T.S.C.-type colour signals, fortunately, an alternative 
method of operation is possible, which is more in keeping with 
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the single-gun nature of the tube. In such signals the colou 
difference information is carried on a high video-frequency sul 
carrier, which is modulated in quadrature, and by performir 
the colour selection at this subcarrier frequency and applyir 
the composite signal directly to the tube it is possible (assumir 
primary phosphors of the correct colour point) to obtain a 
approximation to the required colour picture according to th 
nature of the signal and the processing, if any, which it unde 
goes in the receiver. (It is, of course, necessary to balance tk 
phosphor efficiencies so that an acceptable black-and-whi 
picture is obtained in the absence of colour informatior 
Operation of the tube in this way is known as direct- or sel 
decoding and is widely dealt with in the literature, so th 
familiarity with its principles will be assumed. Reference © 
gives a useful introduction to the subject, whilst a recent surv: 
by Jackson!! draws attention to the more important points. — 

With sine-wave spot wobble the colour selection occurs in 
reversing colour sequence (r.c.s.), whilst N.T.S.C.-type signa 
are more suited to continuous-colour-sequence (c.c.s.) operatio 
Direct application of the presently used N.T.S.C. signal thi 
leads to very great errors in brightness, hue and saturatio 
Methods of tube operation and signal processing are know 
which appreciably reduce these errors, but a number of the 
are not practicable for the banana tube. Systems using bh 
as the central stripe colour, for example, are undesirable as ths 
lead to increased visibility of colour fringing owing to the !o 
luminance contribution of blue. 


(4.3) Tripler and Modulated-Tripler Decoding 


With the well-established N.T.S.C. system of transmission ¢! 
most feasible simple decoding system for the banana tube appea 
to be the so-called ‘tripler’, which has been described t 
Loughlin.!2. With sine-wave spot wobble, c.c.s. operation 
obtained by sampling or gating the composite video signal ¢ 
the tube. This is achieved by pulsing the tube on by applyis 
the third harmonic of the reference subcarrier frequency 
appropriate amplitude and phase to a suitable electrode of #1 
gun such as the grid (or the first anode if available). Fig. - 
shows the basic principle. 
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With this arrangement using green as the central stripe, 
cceptable reproduction is obtained along the orange-cyan axis, 
ut elsewhere noticeable errors in chromaticity and luminance 
ecur.!2 However, an equally important defect of this method 
f operation is that the third-harmonic sampling occurs on all 
gnals. Although the narrow sampling angle is of value in 
nproving the purity of saturated colours, its use on white or 
ear-white signals results in a reduction of the possible beam- 
urrent duty cycle by a factor of nearly 3. As the usable peak 
urrent is limited by the fact that spot-size increase and therefore 
ss Of resolution occurs at high beam currents, this means in 
ractice a similar reduction in permissible peak beam current 
nd therefore of picture highlight brightness. 

A simple method of overcoming this undesirable brightness 
mitation, which may be called the ‘modulated tripler’, has been 
escribed by Dressler and Neuwirth,!> in which the amplitude 
f the third-harmonic sampling sine wave is made to depend 
pon the amplitude of the chrominance signal. In this way the 
aaximum possible highlight brightness, which almost always 
curs On very desaturated colours, can be obtained without 
acrificing the purity of saturated colours. The loss of bright- 
ess due to the lower effective duty cycle in the latter case is 
fiset by boosting the amplitude of the chrominance signal. 
fhe luminance and colour errors which still occur may be 
imilar in nature to those with simple tripler operation, but there 
s a further complication. On low-brightness saturated signals 
mly a low amplitude of modulating signal is obtained from the 
shroma envelope detector, which means that there is insufficient 
ripler sampling available to obtain the requisite saturation in 
he display, i.e. low-brightness signals are essentially ungated 
ind substantially orange-cyan colour rendering occurs. This 
jeficiency may be overcome to some extent by adjusting the 
ripler output-stage bias to ensure that a measure of gating still 
yecurs On such signals. 


(4.4) Signal Processing 


With the methods of operation described above the colour 
election occurs at 120° intervals at the subcarrier frequency. 
[he N.T.S.C. signal in its normal form is not entirely suited to 
his as the subcarrier signal phases corresponding to the primary 
solours are not 120° apart. In addition, the luminance signal is 
10t appropriate to single-gun operation of this kind. Loughlin 
1as shown!? that for c.c.s. operation with infinitesimally narrow 
ampling it is necessary to correct the luminance signal from 
he form 
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and to convert the chrominance subcarrier to a symmetrical 
form, by means of two circuit configurations known respectively 
as the Y-to-M convertor and the elliptical-gain amplifier. 

The M-Y signal for effecting the Y-to-M conversion is readily 
derived by appropriate synchronous detection of the chrominance 
signal. The narrow bandwidth of this correction signal is no 
limitation as the Y and M signals are in any case identical in 
the absence of colour. 

Conversion of the N.T.S.C. chrominance signal to the sym- 
metrical form can be achieved by applying it to an amplifier 
whose gain is arranged to be an elliptical function of the sub- 
carrier phase. A suitable dual-control valve with the chromi- 
nance signal applied to one control electrode and appropriately 
phased second harmonic of the reference subcarrier applied to 
the other is all that is required. 

These two modifications to the N.T.S.C. signal result in a 
c.c.s. signal which is still only correct for very narrow sampling 
angles. Owing to the effects of spot size and sampling by means 
of a sine wave of appreciable gating angle (~40°), some errors 
of reproduction will remain, particularly of saturation. These 
errors of saturation may, however, be further reduced by means 
of the so-called ‘diode correction’ circuit,!> in which the ampli- 
tude of the chrominance signal is detected and a proportion of 
this signal subtracted from the luminance signal to reduce the 
latter and hence decrease the conduction angle on saturated 
colours. 


(4.5) Correction for Effects of Desaturated Green Phosphor 


It has been shown elsewhere” !4 that the banana-tube primary 
green phosphor is considerably less saturated than specified for 
the N.T.S.C. system. Jackson has dealt with the colorimetric 
implications of this,'4 and some thought has been given to the 
problem of suitable correcting circuits. 

It is shown!4 that considerable correction is possible by slight 
adjustment of the M-—Y synchronous-detection phase angle 
towards the green-magenta axis (giving a new monochrome signal 
which has been termed the Ew signal) combined with a modifica- 
tion of the amplitude of the diode correction signal. No 
additional circuit functions are therefore necessary. 


(4.6) Practical Experimental Circuit 


Fig. 11 shows a block diagram of an experimental circuit 
embodying the features described above, but which is far from 
being intended as a final design. The positive-going composite 
video signal from the video detector is amplified in V,,, the 
chrominance signal is removed by the band-stop filter, and the 
resulting luminance signal is delayed and further amplified by 
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Vip: The composite video signal is also supplied to the ampli- 
fier V>,, which acts as a buffer stage to the Y-to-W convertor, V3, 
and to the second chrominance amplifier, V»,, with its band-pass 
filter. The signal derived from V3 is added to the —Y 
signal at the grid of V,, to give the required W-type luminance 
signal, The chrominance signal from V»,, on the other hand, is 
fed to one control grid of the dual control valve V,, which has 
its anode connected to that of V,, for readdition of the chromi- 
mance and luminance signals. Application of the second 
harmonic of the subcarrier reference frequency to the other 
control grid of V, provides the desired elliptical amplification. 
The resulting composite video signal is then amplified by V, 
for application to the tube-gun cathode. The chrominance 
signal from V>, is also envelope detected by D,. This, after 
amplification by V¢,, provides the required diode correction 
signal, which is fed to the grid of Vj,, and also the required 
modulation signal for the tripler output stage V7, which follows 
the design of Dressler and Neuwirth. The modulated output is 
then applied to the tube control grid, with appropriate arrange- 
ments for adjusting the tube bias. 

The circuit in its present form is not as simple as is desirable, 
but some simplifications may prove to be possible. For example, 
it is open to question whether the benefits of elliptical amplifica- 
tion correction warrant the extra cost involved. In addition, 
the use of a tube gun with an additional modulating electrode 
would eliminate the need to recombine the modified luminance 
and chrominance signals as at present. 


(4.7) Signal Recoding 


Owing to the restrictions imposed for various reasons, it 
seems that other methods of operating the banana tube as a 
c.c.s. display are likely to be a difficult proposition. The 
alternative, which is more suited to sine-wave spot wobble, is 
to operate the tube as an r.c.s. display. This would dispense 
with the modulated-tripler sampling circuit, but it would be 
necessary to recode the N.T.S.C. signal in the receiver into a 
form more suitable for r.c.s. operation. An obvious, but com- 
plicated, way is completely to decode and recode the composite 
video signal, but Loughlin!” has described a simplification using 
axis selectors, which are elliptical amplifiers with very large 
eccentricities. As two of these are required together with a 
second-harmonic modulator and the usual Y-to-M conversion, 
it is unlikely that the complete self-decoding circuit will be 
significantly less complex than the modulated tripler at present 
in use. Moreover, as with the c.c.s. system, this signal pro- 
cessing is correct only for very narrow sampling angles—as might 
perhaps be obtained with sixth-harmonic sampling. It remains 
to be seen whether ungated operation with a recoded r.cs. 
signal can give acceptable colour rendering. 


(5) CONCLUSIONS 


The circuit requirements for operation of the banana-tube 
colour display have been described, and it has been shown that 
the special requirements of this system can, in principle, be 
satisfied, although in some aspects the circuits are perhaps more 
complex than is desirable for a domestic receiver. The implica- 
tions of this are considered elsewhere.! 


[The discussion on the above paper will be found on page 630.] 
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SUMMARY 

The principal sources of errors in colour reproduction of the banana 
ube are the colour phosphors employed, the finite spot size of the 
ube and the self-decoding colour circuits. The errors due to these 
auses are analysed, particular attention being given to the use of an 
correct green primary phosphor and to methods of evaluating the 
mportance of random errors in the chromaticity and luminance of 
he phosphors. Methods of alleviating errors due to the incorrect 
reen primary by special correction circuits are discussed. 


LIST OF SYMBOLS 


,, P, and P; = Set of hypothetical primary colours. 
71, C2 and C3; = Hypothetical complementaries corresponding 
: toe 1> VE 2> le 3: 
P; = Incorrect receiver primary. 
Cj, C3, C3 = Error complementaries. 
W = Reference white for which P;, P,, P3 are 
balanced. 
R, G, B = N.T.S.C. primary colours. 
c, m, y, = Complementaries corresponding to R, G, B. 
C = C.LE. illuminant C. 
Cy = White colour close to illuminant C. 
E, = N.T.S.C. luminance signal. 
Ey, = Monochrome signal for continuous colour 
sequence display. 
Ep, Eg, Ez = Gamma-corrected red, green and blue primary- 
colour signals, respectively. 
x, y = CLE. chromaticity diagram co-ordinates. 
u, V = Uniform chromaticity-scale co-ordinates. 
Sz, Sg, Sg = Red, green and blue colour signals. 
Ew = Monochrome signal for c.c.s. display with 
sulphide-green primary. 
E;, = Colour sub-carrier signal for c.c.s. display with 
sulphide-green primary. 


(1) INTRODUCTION 

The accuracy of colour reproduction in the banana-tube 
stem is governed by three main factors in the design of the 
sevice. These are as follows: 


(a) The primary colour reproducing phosphors. 
(6) The physical dimensions of the cathode-ray tube (screen 


Structure and spot size). = | |. 
(c) The type of picture drive circuits employed. 


Of these three, the first factor has assumed a high importance 
the present device since the need to use phosphors which 
ive a short decay time has narrowed the choice of materials 
compounds in the sulphide group. Among these compounds 
‘itable red- and blue-emitting phosphors can be found, but 
e green-emitting phosphors provide colours considerably less 
turated than those specified for colour television, as, for 
stance, in the N.T.S.C. system, a version of which has been 
lopted experimentally in this country. 
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Other departures from the correct or desired phosphor colours 
are likely to arise during manufacture of any colour tube. For 
instance, stray particles of one colour phosphor may get deposited 
in the area of another or a phosphor may change its emissive 
quality during some stage of processing of the tube. If a satis- 
factory picture is to be achieved, a close watch must be kept 
on this type of error. For the banana tube, an experimental 
system of defining limits for the colour and efficiency of emission 
of the phosphors has been drawn up. 

The second factor, that of tube dimensions, arises because 
the cathode-ray tube has a finite spot size. With the time- 
sequential type of colour selection employed there is thus the 
possibility of colour impurity occurring as a result of the transi- 
tion of the spot from one luminescent stripe to the adjacent 
one. The degree of such impurity will be dependent upon the 
relative dimensions of the spot, the luminescent stripe itself 
and the non-luminescent ‘guard bands’ between adjacent stripes. 
The situation is further complicated by the fact that the spot 
size is variable with beam current and deflection. 

The third factor is largely related to the economics of the 
receiver design. Within the limitations of the colour phosphors 
employed a picture of high colorimetric fidelity can be obtained, 
provided that sufficiently elaborate circuits are used to drive the 
tube. However, when considering the design of a domestic 
receiver, a saving in circuit complexity, and therefore in cost, 
can be achieved at the expense of some degradation of colour 
fidelity. 

In practice, the three factors listed above are found to be 
highly interdependent. Thus the design of the cathode-ray tube 
and the colour circuits can no longer be separated, but each 
unit must be carefully ‘tailored’ to suit the other so as to provide 
optimum colour performance. Possibilities may then exist for 
adjusting the performance of ene part of the receiver in order to 
compensate for errors occurring in another. 


(2) COLOUR-PHOSPHOR ERRORS 


(2.1) Desaturated Green Phosphor 


The colours of the N.T.S.C. transmission primaries and those 
of the banana-tube colour-phosphor targets are plotted on the 
C.LE. chromaticity diagram in Fig. 1. The N.T.S.C. primaries 
are R, G and B in the diagram. The red and blue phosphor 
targets for the banana tube are the same as the respective 
N.T.S.C. red and blue primaries, but the green-phosphor colour 
is given as G,. 

At first sight the colour of the green phosphor may appear 
to be so desaturated as to provide an extremely serious draw- 
back to the system. The situation is, however, not so unfavour- 
able as this diagram implies. There are two reasons for this. 
First, it must be borne in mind that colour changes expressed 
in terms of x and y coefficients on the C.I.E. chromaticity 
diagram are not equally perceptible to the eye over all parts of 
the diagram. : 

Much information is available as to the relative perceptibility 
of the colours represented,! 2» 3 and Fig. 2 indicates the relevance 
of this as applied to the N.T.S.C. primary and complementary 
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Fig. 1.—N.T.S.C. transmission primaries (R,G,B) and banana-tube 
phosphor colour targets (R,G;,B). 


colours and white. This diagram is based on data according 
to Judd. The smallest perceptible change in chromaticity under 
moderately good conditions of observation has been determined 
experimentally, and this unit has been termed the just noticeable 
difference (j.n.d.) of chromaticity. In Fig. 2 each full-line 
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Fig. 2.—Approximate perceptibility of chromaticity changes in the 
region of N.T.S.C. primary and complementary colours. 


ellipse is the locus of points whose chromaticity is 100 times 
the j.n.d. from the colour at the centre of the ellipse. It can be 
seen that the eye is much less sensitive to chromaticity changes 
in the region of green than to changes in any other part of the 
colour gamut. 

In the second case, an examination of the distribution of 
colours commonly occurring in natural scenes shows that the 
gamut of colours available in the banana tube does not, in 
itself, seriously limit the fidelity of reproduction. 
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Fig. 3 shows the banana-tube colour gamut compared wit 
Wintringham’s data,* showing the total range of industric 
paints, dyes and textile pigments, and with MacAdam’s data 
with regard to the colours of some natural objects. It can b 
seen that the banana tube is, in fact, capable of reproducing 
very high proportion of these colours. A complete system 1 
which the transmission primaries were based upon the colour 
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Fig. 3.—Comparison of banana-tube colour gamut with data of 
Wintringham and MacAdam (References 4 and 5). 


chosen for the banana tube would provide an adequate reprs 
duction of almost all normal scenes, although it would obvious 
be less satisfactory than a system based on the N.T.S.¢ 
primaries. 

The present difficulty therefore arises from the fact that tt 
banana phosphor colours differ from the normal transmissic 
primaries. Thus colours which are within the actual gamut « 
the banana tube will not be reproduced correctly since tl 
transmitted signal does not suit the requirements of the tube. 

Now it is not reasonable to expect that the specification for 1) 
transmission system should be changed in order to suit an 
particular display device. Particularly is this so when tl 
change required implies a degradation in performance. Hov 
ever, the fact that all the colours within the available banana-tu! 
gamut are present in the transmitted signal leads us to suppe 
that some form of signal translation should be possible in ord 
to extract the required information. In practice it has be: 
found that, by means of suitable circuit techniques, such a sige 
translation can be effected. For a domestic receiver a simp 
low-cost translation circuit is required. One possibility f 
providing a ‘first-order’ correction has been investigated and: 
described in Section 4.2.5. 


(2.2) Visual Effects of Reproduction with Incorrect 
Primaries 


As stated in Section 1, other undesirable deviations from t 
specified primary colours may arise as a result of the process 
to which the phosphors are subjected during the manufacture: 
the tube. These clearly result in errors in reproduction of 
nature similar to those caused by the incorrect green prima: 
However, since they are not predictable deviations they canr 
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, allowed for in the receiver circuits, and they must therefore 
kept to a sufficiently small order so as not to impair the 
tformance of the device. 

Before proceeding to the derivation of a system of tolerances 
r the phosphor-emission colour and efficiency, it is desirable 
consider the type of errors caused by an incorrect receiver 
‘imary and some of their visual effects. 

Fig. 4 shows an elementary colour triangle representing an 


Fig. 4.—Elementary colour triangle. 


dditive tricolour system having a set of three hypothetical 
rimaries P;, P, and P3; and reference white W. The unit 
quation for this system is thus 


0-33P, + 0-33P, + 0:33P; = 1-:0W () 


Let us suppose that a receiving device which is required to 
ynthesize pictures which have been analysed according to this 
ystem has a set of primaries P;, P, and P3, where P; is an 
correct primary (Fig. 4). A number of significant points may 
ow be deduced. The gamut of the receiver picture is less than 
lat of the system, and hence there will be a compression of 
ie colours of the system to within the triangle Pj, P5, P3. 
he primary P, will be reproduced as P;, and all colours along 
le lines P,;-P, and P,—P; will be reproduced as along P;-P, 
nd P;—-P3, and hence in error. For instance, complementaries 
2 and C; will become desaturated to Cj and C3, respectively. 
formally the efficiencies of the phosphors P;, P,, P3 in the 
ceiver will be adjusted so that equal excitation will again 
roduce the correct reference white, W. If this is so, the comple- 
lentary C; will be moved to C; and all colours between P, and 
3 Will then be reproduced in varying degrees of error. 
The receiver primaries may be regarded as a new trichromatic 
stem having the same reference white as the system of Fig. 4, 
id it is evident that the relative quantities of light from P,, P, 
id P; required to match W will not be the same as the quantities 
quired from P;, P, and P3. For instance, referring to the 
stem of Fig. 4, the ratio of primary P, to primary P; required 
a white mix is 

Jape VRE EE, 


ee as I) 
Poe O239 
The required ratio of Pj to P3, in the same units, is given by 
Rely OAs a0 


Py CP, 0036 


ws the relative luminance values in the displayed picture wiil 
considerably disturbed. 

The visual effects of these errors on colour pictures are not 
Ways as might be anticipated at first sight. In order to 
vestigate these phenomena a simulator unit has been con- 
ucted which enables the effective primary colours of a colour 
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display unit to be varied over a wide range of chromaticities at 
will. This is achieved by matrixing the red, green and blue 
colour signals of a colour-television system, which are then 
viewed on a display having the correct phosphors. For instance, 
in order to simulate a desaturated green phosphor, a constant 
fraction of the green signal may be fed into the red and blue 
channels of the system. The matrix unit is so arranged as to 
be continuously variable and ‘self-balancing’, i.e. the contributions 
of the three new primary colours are automatically adjusted to 
preserve the white point. 

Tests with this apparatus and with a number of actual banana 
tubes have shown that, almost invariably, the first noticeable 
effect of desaturating a given primary is the alteration in the 
relative luminance values. In the case of desaturation of a 
green primary the drop in apparent red luminance is most 
noticeable. In fact, since red is the least efficient phosphor, the 
actual red brightness is not decreased in a practical case. The 
green brightness is usually increased, with a consequent increase 
in overall picture brightness. However, the eye appears to adapt 
itself rapidly to this increased overall brightness, and the net 
effect is that red objects still appear to be darker than normal. 
For the banana tube the relative contributions to total luminance 
are given by 


1:0C = 0:25R + 0°65G, + 0-10B . (2) 
whereas, for the N.T.S.C. primaries, the contributions are 
1:0C = 0:30R + 0:59G + 0-11B (3) 


The ratio of reproduced to intended luminance for red in the 
banana tube is thus 0-25/0:30 = 0°83. 

The next most noticeable effect depends very much upon the 
primary which is being moved. Referring to Fig. 4 once more, 
we may note that, although the error P, — P; is geometrically 
much larger than C; — Cj, the actual visibility of the error will 
depend on the relative magnitudes of the j.n.d.’s in the regions 
concerned. If P,; were a green primary it is probable that 
C, — Cj might be the greater visual error since the j.n.d. at 
magenta is much smaller than that at green. This has been 
borne out in practice with the simulator. In many pictures the 
first noticeable chromaticity change, on moving the green 
primary, is the change in magenta. 

It should also be noted that, where a choice in the position 
of P; exists, it is desirable that this should lie on the line from 
P,to W. This serves to eliminate the error C} — C; completely. 
Since the sulphide group of phosphors do allow some latitude 
in the choice of green this principle has, in fact, been adopted 
for the banana tube. 

A further phosphor defect which needs to be considered in 
conjunction with the above is that of incorrect luminance 
efficiency. Since it is not readily possible to adjust the relative 
duty cycles or drive conditions of the three phosphors in a self- 
decoding display, it is very necessary that the phosphor efficiencies 
should be such as to provide the correct white. If these 
efficiencies are not correct, or if they alter with life, there will 
be a twofold effect. First, the white will be changed and an 
unacceptable colour cast may be imparted to the display. 
Secondly the relative luminance values will again be disturbed, 
with possible detrimental effects upon the picture. 


(2.3) Colour-Tolerance Limits 


Bearing in mind the above effects, an experimental colour- 
tolerance diagram has been constructed showing the limits within 
which the colour primaries and the white balance of the display 
tube should lie in order to maintain acceptable colour pictures. 
The diagram (Fig. 5) is constructed in the following manner: 

First, the primary-colour target chromaticities are marked on 
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the diagram, and the colour triangle is drawn. In Fig. 5 these 
are the N.T.S.C. specified primaries (R, G, B). The accuracy 
of reproduction for these colours alone is then specified in 
terms of the permissible departure from the target colour in 
j.n.d.’s. For instance, the limit shown in Fig. 5 is 100 times 
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Fig. 5.—Basic tolerance diagram. 


The limits are 100 times the j.n.d. for primaries and complementaries 
and 50 times the j.n.d. for white. 


the j.n.d. This gives a limit line drawn around each point 
which is an ellipse centred on the target colour. The white 
balance target C is then marked, together with the comple- 
mentary colour points c, mand y,. Similar elliptical limits of 
suitable dimensions are then prescribed around these points. 
The limits shown are 100 times the j.n.d. for the complemen- 
taries and 50 times the j.n.d. for white. 

The diagram is then inspected for incompatibilities. Clearly, 
if all colours are to be reproduced within the limits prescribed, 
certain combinations of primary-colour target and balance 
conditions are not permissible. For instance, if a red primary 
is chosen which is within the 100 times the j.n.d. limit for red, it is 
not permissible for the cyan complementary to approach near 
to the 100 times the j.n.d. cyan limit if white balance is to be 
maintained. 

By constructing lines from the extreme limits of the primary 
colours and tangential to the limits for the respective comple- 
mentaries or white, it is possible to reduce the boundaries in 
various regions further so as to avoid these anomalies, as shown. 

Allowance must also be made, on the diagram, for the errors 
of luminance reproduction which may occur. With N.T.S.C. 
primaries the relative luminance contributions which result in 
correct white balance are as given in eqn. (3). However, if the 
efficiency of, for instance, the green phosphor were ‘too high, 
the white balance might be disturbed in such a way that a white 
Cy and a yellow complementary y,.; would result (Fig. 5). The 
relative luminance contributions are then found to be given by 


1-:0C,, = 0:25R + 0:66G + 0:09B 


Thus the ratio of reproduced to intended luminance for red 
colours is reduced to 0-:25/0:30 = 0-83 and that for green 
colours is increased to 0-66/0:59 = 1-12. Similar calculations 
may be performed for the extreme limits of balance for all other 
colours. 
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Variations in the ratio of reproduced to intended Juminan 
of this order appear to be tolerable in practice, althou 
noticeable, and it may not be necessary to make any furth 
changes in the diagram as applied to N.T.S.C. phosphor colouw 
However, where one or more of the primaries lie near the colo 
limit of 100 times the j.n.d., the relative luminances may alrea 
be adversely affected, as has been shown above [eqn. (2)] for t 
banana-tube green phosphor. In this case it may be necessa 
to impose further limits restricting the colour-balance conditio 
to ensure that excessive luminance errors do not occur. 

It can be seen from the above that the colour tolerances dra\ 
around the complementary colours and white constitute, in effe 
restrictions on the relative luminous efficiencies which t 
phosphors may have if a satisfactory colour balance is to 
obtained. From the diagram a table may be drawn up showi 
the limits of relative luminous efficiency for the phosphors, ai 
this may also take into account other relevant factors such 
the relative beam-current duty cycles for the phosphors, und 
normal operating conditions. Such a Table thus enables t 
efficiency tolerances to be presented in a more concise 4 
manageable form. 

It must be noted, however, that the tolerances laid down 
this type of diagram are not simultaneous. As soon as.a giv 
primary has been established at a given point on the diagram 
restriction is automatically placed upon other areas of ¢ 
diagram, and alterations must be made accordingly. 

When considering the relative luminances of the colours 4 
represents a serious drawback, since, as we have seen, alteratis 
of the chromaticity of any one primary results in alteration 
the relative luminances of all three primaries. This, in tut 
means that any luminance limits imposed to take account 
changes in the relative efficiencies of the phosphors must 
recalculated. It would appear that some form of chart showt 
the relationship between relative luminance of the three primaz 
and certain changes in chromaticity would be a valuable aid. 
this type of work, and some study is being made of this possibiir 


(2.4) Uniform Chromaticity Scale 


It has been found that there are some advantages to be gain 
by plotting the tolerances on a uniform chromaticity sc: 
diagram such as that described by MacAdam® or that of Bec 
enridge and Schaub.’ 

Uniform chromaticity scale diagrams are transformations | 
the C.LE. diagram. They derive their name from the fact tk 
the length of a straight line connecting any two points on suck 
diagram is approximately proportional to the perceptibility 
the chromaticity difference between the two colours represent 
by these points. This feature enables the significance of a giw 
colour error to be more readily assessed when plotted on suct 
diagram. Furthermore, specification of the colour lim 
becomes easier since the ellipses of Fig. 5 assume an appre 
mately circular form when plotted on a uniform chromatic: 
scale. The limits may thus be specified in terms of circles: 
radius equal to a given number of scale units. 

Fig. 6 shows the limits of Fig. 5 plotted on the u-v diagr: 
of MacAdam, in which the co-ordinates u and v are related: 
the x and y co-ordinates of the C.I.E. system by the follow: 
equations: 

Obs 


oT Gia Unless 
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6y—x +15 


Because of the difficulty of translation between unifo: 
chromaticity scales and the internationally accepted CI 
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_ Fig. 6.—Colour tolerances on uniform chromaticity scale. 


romaticity diagram, these scales do not commend themselves 
wide use outside the laboratory. 


(2.5) Use of the Tolerance Diagram 


Tn practice the colour tolerance diagram has proved very useful 
prescribing limits for colour reproduction and in assessing the 
fects of various phosphor colour and efficiency deviations 
thin and beyond these limits. The actual values of the 
nits were initially chosen by a large amount of guesswork and 
little knowledge, but these have been found, in practice, to be 
lite reasonable figures to aim it. At first a limit of 100 times the 
1.d. was also used for white, but it was found to be too large. 
n the basis of experience this has now been reduced to 50 times 
e jn.d. On later diagrams also, the centre of the white 
ipse has been moved from illuminant C to a point close to 
wal-energy white, since excessively blue whites appear not to 
: tolerable in practice. 

As applied to the banana tube the diagram is modified since 
€ most saturated sulphide green phosphor available falls just 
1 the limit of 100 times the j.n.d. for green. Fig. 7 shows the 
agram at present in use. The various shaded areas represent 
e limits within which the red and blue primaries and the three 
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Fig. 7.—Banana-tube tolerance diagram. 


complementary colours and white should lie. These are based 
on the ellipses of the original diagram but are modified so as to 
give effect to various restrictions on the relative luminance con- 
tributions of the primaries and to avoid anomalies as described 
above. 

The locus of available green phosphors is shown by the dotted 
line. Limits for the variation of the green primary along this 
locus are marked, and some latitude for the saturation of the 
green is also allowed for reasons of practical expediency. The 
final tolerance limit for the green phosphor is thus indicated by 
the heavy line around G,. 


(3) EFFECTS OF SPOT SIZE AND STRIPE STRUCTURE 


The degree of colour impurity arising as a result of the finite 
size of the cathode-ray-tube spot will be decided by the relative 
sizes of the spot and the colour stripes, the size of the non- 
luminescent guard-bands, the current distribution in the spot 
and the type of colour drive signal employed. 

The stripe structure at present chosen for the banana tube 
consists of 2mm-wide luminescent stripes separated by 1mm 
guard-bands, and colour selection is normally carried out by 
the application of a lateral sine-wave ‘spot wobble’ which causes 
the beam to traverse the stripes in the reversing colour sequence 
RGBGRGBG...,asshown in Fig. 8. Ideally the drive wave- 
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Fig. 8.—Colour stripe structure (above) and ideal grid drive voltage 
waveform for green field (below). 


form would consist of rectangular pulses timed to correspond 
to the traversal of the spot over the colour stripes. For instance, 
the drive waveform for a green dispiay is indicated in the diagram. 
It can be seen that, with this type of colour drive, a pure saturated 
green is obtained, provided that the spot size is less than 2 mm in 
the direction transverse to the stripes. 

When the spot exceeds this size it will commence to overlap 
the adjacent colour stripes. This will result in an error in the 
reproduced chromaticity. For the green stripe, as shown in the 
diagram, the error will be one of saturation, both blue and red 
contamination being added to the green light output. Where 
the spot is traversing an outer stripe, however, a hue error will 
occur, the red or blue colour fields being contaminated with 
green light. 

Further colour errors can occur as a result of the increase in 
spot size with beam current. While the spot remains small 
compared with a colour stripe, an increase in beam current 
results in an approximately linear increase in light output. 
However, as the spot enlarges, an increasing amount of the 
beam current falls into the guard-band area and hence fails to 
produce light output. The slope of the light-output/beam- 
current characteristic is thus reduced. As a result of this effect, 
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local variations in the reproduced colour can occur in high- 
brightness areas of the picture. 

Calculation of the expected errors due to these effects proves 
to be extremely difficult. The spot varies along the length of 
the scanning line, both in dimensions and shape, which means 
that the effects are liable to vary over different parts of the raster. 
Spot size is also variable with beam current. Furthermore the 
distribution of current in the spot is not according to any simple 
function which could be readily manipulated in calculations. 
Similarly the drive waveform does not consist of rectangular 
pulses. For these reasons, no full analysis of these errors has 
at present been made. However, some indication as to the 
actual performance under practical conditions may be gained 
from colour measurements which have been made. 

For these measurements the display was set up to give good 
reproduction of an electronic colour-bar pattern giving bars of 
all primary and complementary colours at 100% saturation. 
The colour drive used was a constant tripler self-decoding 
system®? with full colour-signal correction circuits. In this 
type of receiver the tube is pulsed into conduction by sinusoidal 
pulses for a time equivalent to 40° of the sine-wave spot-wobble 
frequency. (This corresponds to the time taken for the beam 
to traverse a green stripe.) When satisfactory reproduction 
had been achieved the red and blue signals were removed from 
the bar pattern leaving only the vertical green bar, which 
extended from the left-hand edge of the raster to the centre. 
A photo-electric tri-colorimeter was then used to measure the 
colour at the centre of this bar at various levels of peak drive 
voltage. From a previous experiment the peak currents corre- 
sponding to various levels of drive were known, and hence the 
results are plotted as percentage saturation of the green colour 
bar versus peak beam current (Fig. 9). 
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Fig. 9.—Change in saturation with beam current. 


Although no great accuracy can be attached to these measure- 
ments, which probably also include effects due to electron 
scatter, the indication is that the order of this type of error is 
reasonably low in the present system. 


(4) ERRORS DUE TO DECODING CIRCUITS 


(4.1) Gated Operation 


If the tube is driven by the high-quality colour gate described 
by Freeman,!° the colour errors contributed by the circuit itself 
will be virtually negligible. The only sources of colour errors 
will then be due to phosphors and to spot size as above. How- 
ever, this is not an economical circuit and is unlikely to be used 
in a domestic receiver. 


(4.2) Self-Decoding Operation 


(4.2.1) Tripler Operation. 

A more practical way of using the banana tube employs | 
method known as self-decoding. In this type of operation 
N.T.S.C. composite video signal is applied either directly or al 
modification to the electron gun. Decoding of the signal to r 
green and blue light intensity values takes place within the tu 
itself. 

A convenient method of operation is the tripler circ 
described by Loughlin. Details of the circuit configurati 
involved may be found in the accompanying paper by Freema 
With this type of decoder the spot is deflected across the col 
stripes by a sine-wave spot wobble as shown in Fig. 8, 
instead of being driven with the gating waveform shown 
Fig. 8 the tube is pulsed into conduction for short periods 2 
rate equal to three times the frequency of the spot wobi 
During these conducting periods, which occur at the pox 
indicated in Fig. 10 and give rise to a continuous colour (sei 
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Fig. 10.—Action of tripler circuit. 


tion) sequence (c.c.s.. -RGB—RGB...., etc., the tube samp 
the colour drive signal and thus performs the demodulati 
action. 

The fidelity of reproduction achieved depends upon the deg: 
to which the N.T.S.C. signal is modified to suit the requireme: 
of the tube, and it is interesting to study the effects of so: 
possible signal modifications so as to obtain some idea as; 
the order of complexity which may be required to ensure saz 
factory performance. 

The following analysis is based on calculations by Rudd 
These calculations all relate to the tripler receiver and assw 
the banana tube gamma to be 2-0 (except as in Section 4.2} 
and the spot size to be infinitesimally small. The spot-size effél 
mentioned in Section 2 are therefore additional to the erri 
indicated in Figs. 11, 12, 14, 15 and 16. 


(4.2.2) Direct Application of N.T.S.C. Composite Signal. 


In the first case the composite N.T.S.C. signal at the vid 
detector of the receiver may simply be amplified and app) 
direct to the cathode of the tube. This represents the k} 
minimum of circuit complexity. The resultant errors are} 
shown in Fig. 11, which assumes the display to have the 1 
N.T.S.C. primaries. In this diagram the dots represent | 
desired colours and the arrow tips lie on the colours actu) 
reproduced. The figures represent the ratio of reprod 
luminance to intended luminance. This diagram is similanh 
that given by Loughlin® for a c.c.s. receiver, 

This method of drive results, as can be seen, in large eri 
of both chromaticity and luminance. Errors of up to 200 tit 
the j.n.d. are apparent, notably in green, yellow and maged 
Although the eye is relatively insensitive to errors in green | 
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Fig. 11.—Colour and luminance errors due to direct application of 
N.T.S.C. signal. 


yellow saturation, these errors add to those caused by a short- 
decay green phosphor, and for this reason this type of operation 
cannot be recommended for the banana tube. 


(4.2.3) Monochrome Correction. 


It has been shown® that the N.T.S.C. signal can be converted 
to the correct form for the continuous colour-sequence display 
of the tripler type by means of the two circuit configurations 
known, respectively, as monochrome correction and sub-carrier 
modification. 

- The luminance component of the N.T.S.C. colour signal is 
defined}? as 

Ey = 0-3ER + 0:59EG + 0-11E, 


where Ey = Luminance signal. 


EpEGEz = Gamma-corrected primary red, green and blue 
signals, respectively. 
The monochrome signal Ej, required by a c.c.s. display is 
given’ as 
Env = 0:33ER + 0-33EG + 0°33E5 


_ The function of the monochrome corrector is to convert the 
N.T.S.C. luminance signal to the required form. A correction 
signal Ex, — Ey may be obtained by synchronous detection of 
the colour sub-carrier at a phase of 19° to the reference and 
with a gain of 0:58. When this correction signal is added to 
the Ey signal the required monochrome signal Ej, is obtained. 

With this correction a considerable improvement results in 
the performance of the display. Fig. 12 shows some of the 
errors remaining. It can be seen that the undesirable green and 
yellow desaturation has been almost completely eliminated. 
The remaining large errors are the shift of magenta towards 
red and the very low blue luminance. 


(4.2.4) Complete Signal Translation. 

The N.T.S.C. colour sub-carrier signal may be represented 
vectorially as shown in Fig. 13(a). The colour sub-carrier 
signal required for a c.c.s. single-gun display, however, is as 
shown in Fig. 13(b). Circuits can be devised to convert the 
N.T.S.C. sub-carrier from the form of Fig. 13(a) to that of 
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Fig. 12.—Errors due to use of N.T.S.C. signal with monocrome 
correction only. 
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Fig. 13A.—Vector representation of N.T.S.C sub-carrier. 
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Fig. 138.—Vector representation of c.c.s. sub-carrier. 


Fig. 13(b). This type of circuit is known as a sub-carrier 
modifier or equi-angle corrector since the angles between the 
vectors of Fig. 13(b) are equal. When this form of correction 
is used in conjunction with monochrome correction, substantially 
correct pictures are possible except for colour-phosphor and 
spot-size errors. 


(4.2.5) Circuit Correction for Incorrect Green Phosphor. 


So far the decoding errors have been considered assuming the 
display device to have true N.T.S.C. primary colour phosphors. 
However, when the same circuits are used in conjunction with a 
sulphide-green phosphor, additional errors arise as mentioned in 
Section 2.1. 

The errors arising purely as a result of the incorrect green 
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primary are shown in Fig. 14. These are the errors of reproduc- 
tion which would remain if the cathode-ray tube were driven 
either by a high-quality colour gate circuit or by a tripler circuit 
with complete c.c.s. signal transformation. As can be seen, 
errors in both chromaticity and luminance are present for colours 
within the phosphor gamut, as well as for the region which the 
phosphors are unable to cover. 

With a drive circuit consisting of complete decoding to red, 
green and blue signals, followed by a colour gate, these errors 
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Fig. 14.—Errors due to use of incorrect green primary. 


can be offset by matrixing the primary colour signals. It can 
be shown that improved colour performance will result when 
the signals are matrixed so that three new colour signals, Sp, Sg 
and Sp, are formed to drive the colour gate, where 


Sp = 1-09E% — 0-094 
Sg = 1-00E% 
Sz = 1-07E% — 0-07E% 


Thus increased saturation for green colours within the gamut 
is achieved by subtraction of a constant proportion of the green 
signal from the red and blue signals, respectively. The repro- 
duction obtained is not completely correct owing to the necessity 
to perform the matrix operation with gamma-corrected signals. 
This is necessary because only gamma-corrected signals are 
available at the receiver. 

However, we have already noted that the colour gate circuit 
is not feasible for a domestic receiver on economic grounds, and 
it is therefore necessary to consider methods of overcoming 
these errors which are suitable for a self-decoding receiver. 

Rudd has shown!! that the above matrix equations, which 
were derived for a 3-colour gate, may be satisfied for a c.c.s. 
single-gun display by using a drive signal which takes the form 
of a monochrome or ‘white’ component (Ey) and a colour 
sub-carrier component (F;), where 


(Ejy) = 0:36ER + 0-28EG + 0°36E% 


and (Eg) = (0-73Ez — 0-06EG) sin wt + 0-67E% sin (wt + 120°) 
+ (0:71E% — 0-04E6) sin (wt + 240°) 


The use of this signal gives improved colour rendering for a 
c.c.s. display, and the signal is readily obtainable by conversion 
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of the N.T.S.C. luminance and chrominance signals. Howev 
the increased luminance values of saturated greens remain large 
unaffected. 

Inspection has shown that these errors may be greatly reduc 
and a further improvement in colour rendering effected by usii 
the signal modification known as ‘diode correction’.!3 In tl 
the colour sub-carrier is envelope-detected (hence ‘diode’ corre 
tion), and a constant fraction of the detected signal is subtract 
from the monochrome signal component. This has the effe 
of reducing the monochrome signal in areas of high colo 
saturation. Thus a greatly improved colour rendering resul 
where the drive signal consists of a monochrome compone 
given by 

Ew = 0:38Ep + 0:25Eg + 0:°38E3 + 0:06S 
and a colour sub-carrier component given by 


Eg = 0-75[Ep sin wt + Eg sin (wt + 120°) 
+ Ej sin (wt + 240° 


The factor 0:06S in the monochrome signal is the dic: 
correction factor, S being the instantaneous amplitude of # 
chrominance component of drive signal. 

The remainder of the monochrome signal is obtained by 
process which is identical with the normal c.c.s. monochron 
correction, except that the new correction signal which is add 
to the N.T.S.C. luminance signal is obtained by synchrons 
detection of the N.T.S.C. sub-carrier at a slightly different pha: 
and gain. The phase of detection for the new signal is 223° ar 
the gain factor is 0:74. 

The new colour sub-carrier signal is the normal symmetric: 
signal with its amplitude increased by a factor of 1-13. 

Fig. 15 shows the errors which remain when this new signa! 
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Fig. 15.—Incorrect green primary. Use of modified monochro 
signal with increased chrominance gain. 


employed. It can be seen that the relative luminance val 
are now nearly correct all over the colour gamut, and there i 
marked improvement in green and yellow saturation. 

In order that the reproduction of the receiver with this fc 
of signal translation may be more readily assessed, the er 
diagram of Fig. 15 is redrawn in Fig. 16 using the unif¢ 
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Fig. 16.—Errors shown in Fig. 15 plotted on uniform chromaticity 
scale diagram. 


hromaticity scale of MacAdam. Good colour fidelity is indi- 
ated in all important areas of the colour gamut. 


(4.3) Application of the Analysis to the Banana Tube 


1.3.1) Factors to be Considered. 


The foregoing analysis has shown that good colour fidelity 
nay be achieved with a horizontal-stripe colour tube employing 
colour decoder of the tripler type and having a sulphide-green 
rimary-colour phosphor. However, when applying the results 
ff this analysis to the banana tube in its present form there are 
number of additional factors to be considered in order to gain 
_ better indication of the performance of the tube. 

The finite spot size has already been considered. Other factors 
re the gamma of the display tube, the effect of some inevitable 
ariations in the primary-colour duty cycles of the tripler 
eceiver, and the performance of the receiver when an alternative 
ircuit known as the modulated tripler is used. 


4.3.2) Effect of the Gamma of the Cathode-Ray Tube. 


The N.T.S.C. signal is gamma-corrected according to 
iormal television practice to allow for the non-linear beam- 
urrent/picture-drive characteristics of the display tube. The 
ystem assumes a power law for the display tube with a gamma 
vf 2:2. The diagrams so far presented are based on calculations 
vhich assume a power law with a gamma of 2 for ease of calcula- 
ion. However, the banana-tube gamma varies with picture 
rive. At low drive levels, i.e. beam currents less than 500 “A, 
t approximates to a gamma of 2. At high beam currents, 
ljowever (>1mA), it has a much higher gamma, and 3 would 
a nearer approximation. The effects of an increase in the 
amma of a display can be seen in Fig. 17, where the tips of the 
rrows lie on the colours which would be reproduced by a 
lisplay device having a gamma of 3, compared with one having 
gamma of 2 (dots). It is seen that the effect is to cause a 
eneral increase in the saturation of colours within the triangle 
nd a shift of those colours between the primaries and comple- 
aentaries, towards the nearest primary. This increase in satura- 
ion at high beam currents tends to oppose the desaturation due 
© the increase in spot size at these currents. 


1.3.3) Variations in Duty Cycle. 

The calculations of Section 4.2 were made assuming that the 
eam-current duty cycles remained constant for all conditions 
f colour drive signal. This is the condition which would 
btain if a ‘multiplicative’ form of gating were used. For 


instance, if the composite video signal were applied between 
grid and cathode of the display tube and if a sine wave of 
frequency equal to three times the spot-wobble frequency were 
applied to the first anode of the tube, the tube would be pulsed 
into conduction on positive half-cycles of the third harmonic 
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Fig. 17.—Behaviour of a display with a gamma of 3. 


signal. The sampling time of the tube would then be sub- 
stantially independent of the colour drive signal. 

The present banana tube, however, has a triode gun. It is 
therefore necessary to apply the video signal to the cathode of 
the tube and the third-harmonic signal to the grid, as described 
by Freeman.? The two signals will thus add and the sampling 
time or duty cycle will vary with changes in video signal. 
Provided that the amplitude of the third-harmonic sampling 
signal is sufficiently large, the duty cycle can always be kept 
small and the effects of this variation minimized. The error 
diagrams plotted relate to infinitely narrow sampling. However, 
the additional errors caused by sampling duty cycles of up to 
40° of one cycle of the spot-wobble sine wave are very small. 
This is probably the longest sampling period which would occur 
with this form of circuit. 

It can be seen that an infinite number of error diagrams is 
necessary to portray the colour performance at all the possible 
levels of video drive. 


(4.3.4) Modulated Tripler. 


An alternative method of operation of the banana tube which 
results in an increased picture brightness is possible. This is the 
so-called ‘modulated tripler’!+ in which the duty cycles are varied 
as a function of the chrominance signal amplitude. The opera- 
tion of this type of decoder is more complex, and a full analysis 
of its colorimetric performance when used in conjunction with 
the banana tube has not yet been made. Calculations by 
Dressler and Neuwirth!* on the operation of this decoder with 
the single-gun chromatron indicates that the order of error 
involved when direct application of the N.T.S.C. composite video 
signal is employed is similar both for the direct and modulated 
tripler receivers. Some variation from their results may be 
expected for a banana receiver, however, owing to differences in 
the colour-stripe structure. 

It is worth noting that direct application of the N.T.S.C. 
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composite video signal to the banana tube without any third- 
harmonic pulsing whatsoever, i.e. with no signal processing of 
any sort, results in a displayed picture whose colour gamut is 
confined to the orange-cyan axis. Since the beam-current duty 
cycle in a modulated tripler receiver is made inversely propor- 
tional to the amplitude of the chrominance sub-carrier signal, it 
follows that at low chrominance signal amplitudes, when the 
duty cycle is very large, the receiver will tend to operate as an 
orange-cyan display. This will tend to occur for low-brightness 
colours as well as for low-saturation colours. For complete 
colour fidelity, therefore, it would be necessary to derive a true 
saturation signal which was wholly independent of picture 
brightness and use this to modulate the colour duty cycle. 


(5) CONCLUSIONS 


The principal factors governing the fidelity of colour repro- 
duction with the banana-tube colour-television display have 
been analysed, and an attempt has been made to indicate the 
quantitative effects of some of the errors involved. 

The final performance of a receiver of this type must inevitably 
be closely tied with the economics of the design. It has been 
shown that circuits can be devised which result in a performance 
close to complete fidelity with the phosphors chosen and that the 
effects of the finite spot size—which detract from the performance 
achieved by the final receiver of Section 4.2.5—are of a reasonably 
small order. 

Consideration of the error diagrams of Figs. 11 and 17 suggests 
that it is not likely that direct application of the N.T.S.C. com- 
posite video signal, together with a third-harmonic pulsing wave- 
form, will result in satisfactory picture reproduction. This is 
because the errors involved in such a process add to those errors 
which are inherent as a result of the necessity to use an incorrect 
green primary. The addition of a monochrome corrector stage, 
at least, may be considered a necessity for this display. Sub- 
carrier modification is also desirable, although whether the 
improvement afforded by this circuit would ultimately warrant 
the additional expense is a matter for some conjecture. 

Once these signal corrections are available, however, the addi- 
tional correction required in order to achieve almost complete 
fidelity can be obtained at very small extra cost. The E,, signal 
is available by slight adjustment of the detection phase and gain 
of the normal monochrome corrector circuit, and only a slight 
increase in chrominance gain is required. The additional 
requirement is for a diode corrector circuit. It is likely that this 
correction would in any case be considered desirable for a single- 
gun display of this type in order to offset the effects of finite 
spot size, as described by Clapp.'? Its inclusion does not, in 
any case, involve undue expense or complication. 

When considering the performance of a given receiver as a 
whole it will be apparent, as already mentioned, that there is a 
great deal of interdependence between the various error-pro- 
ducing factors and that the final design must make due allowance 
for this. For instance, to take one typical example, improved 
colour purity at high beam currents can be achieved in a number 
of ways. Either the width of the guard bands may be increased 
or the beam-current duty cycle may be reduced by means of 
diode correction. Alternatively alteration to the electron-gun 
design may be made. Thus the same defect is seen to be simul- 
taneously dependent upon the screen-stripe structure, the circuit 
configuration and the electron optics of the system. 

In a similar way the chromaticity and luminance errors in the 
picture are a function both of the colour of the primary repro- 
ducing phosphors and of the type of colour decoder circuit used. 
It is therefore reasonable to consider deliberate adjustment of 
the colour primaries as an alternative to adjustment of the 
circuit-elements. It has already been shown that, with careful 


JACKSON: COLORIMETRY OF THE BANANA-TUBE COLOUR-TELEVISION DISPLAY SYSTEM 


choice of the position of the green primary, it is possible — 
eliminate errors which might occur in the region of magen 
colours. Further investigation along these lines shows that it 
possible to choose a set of red and blue primaries for use 
conjunction with the sulphide-green primary, such that tl 
relative luminance contributions of these three primaries in 
white mixture are in the correct relationship [eqn. (3)]. Erro 
in the reproduced Iuminances due to the use of this green a 
thus eliminated. 

The elimination of the luminance errors in this way carri 
with it the disadvantage of a further restriction of the pictur 
colour gamut, and a circuit correction may therefore be pr 
ferred; nevertheless, the illustration does serve to indicate son 
of the possibilities open to the designer. 

Finally, although the particular requirements of the banan: 
tube display have made it necessary to adopt the desaturats 
sulphide-green phosphor, it should be noted that this phosph« 
is also an attractive proposition for other display tubes. T: 
willemite type of green phosphor at present used in convention 
colour tubes exhibits an afterglow which is longer than that « 
the red and blue phosphors used, and results in the annoyir 
phenomenon of ‘colour trailing’. A short-decay green phospk« 
could therefore be used to replace the conventional type wit 
good effect. 

It is shown that a colour tube employing a sulphide-gree 
phosphor is capable of competing satisfactorily with oth 
display tubes on grounds of colour fidelity. Ultimately 4 
design of a domestic receiver based on such a tube wou 
involve a compromise between the conflicting demands : 
circuit simplicity and economy on the one hand and fidelity « 
reproduction on the other. 
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SUMMARY 

The many factors which determine the potentialities and limitations 
of the banana tube as a possible solution to the colour-display problem 
are considered in some detail. Limitations imposed by tolerances set 
by the requirements of the system are stated and an appraisal of the 
picture quality is made. Some indication of possible cost compared 
with other displays and an overall appraisal and indication of future 
possibilities are given. 


(1) INTRODUCTION 


A new and interesting colour-display device has been pro- 
posed. No investigation of such a new device would be complete 
without a study of its potentialities and limitations. This paper 
gives the result of such a study of the banana-tube system in its 
present state of development, and it should be read in conjunc- 
tion with the papers describing other aspects of the investiga- 
tion.?)3:67,8 A critical approach has been adopted to indicate 
where any further development should be concentrated. 

There are three main aspects to consider. First the various 
electrical and mechanical tolerances affecting picture quality 
must be evaluated. These will determine the reliability of the 
device, its ease of adjustment, and the degree of circuit com- 
plexity necessary to reduce variations in performance to an 
acceptable level. For example, if normal fluctuations in the 
mains supply voltage lead to intolerable colour errors, additional 
circuits are required to stabilize the appropriate power supplies. 

Second, it is important to determine the limitations of the 
display device itself, for if these are severe the probability of the 
resulting receiver being a success will be small. However, it is 
difficult to consider the device completely apart from the circuits 
used to drive it, so the study must, to some extent, take the latter 
into consideration. 

Third, an attempt must be made to obtain some estimate of 
the possible cost of a domestic receiver. 


(2) TOLERANCES 


The acceptable deviations from their design values of the 
various mechanical and electrical parameters affecting the 
picture quality can be determined accurately only by a thorough 
subjective investigation. It is possible, however, on the basis of 
existing knowledge of allowable picture errors, to make some 
fairly reliable estimates of the order of tolerances involved. 
These estimates will indicate the factors of importance in 
designing a receiver with stable performance. The classification 
of the tolerances which follows is to some extent a rather 
arbitrary one, and it will be appreciated that there is some overlap. 


(2.1) Mechanical, Optical and Related Tolerances 


In order that a correctly operated tube shall produce an 
acceptable final picture a number of mechanical, optical and 
related tolerances must be satisfied. Quantitative limits cannot 
be easily set to the mounting of the mechanical components, 
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which must be sufficiently rigid to ensure that any mechanic. 
movement is small enough to have a negligible effect on tt 
picture. 


(2.1.1) Position of Lens Rods on Drum Periphery. 

Assuming that the drum is perfectly synchronized, it is ev 
dent that the lens rods must be sufficiently accurately located o 
its periphery to ensure absence of noticeable line jitter in th 
final picture. Richards suggested in the early stages! that ideal 
the scanning lines in the final picture should not be displace 
by more than one-tenth of the line interval (i.e. 1/4000 of th 
picture height) from their correct position. He therefore pi 
radial and tangential tolerances on the position of the lens red 
on the drum. 

For a three-element lens drum one-tenth of the line interv: 
is equivalent to 1:8’ of arc, and with the present lens-drum radix 
of 6-8cm the tangential tolerance, t, is thus 3:6 x 10~7cm 
The effect of radial displacements is more complex, being 
function of position in the raster. However, Richards ha 
shown that in the worst case the equivalent tangential displace 
ment, 7’, for a radial displacement, r, is given by t’ = 0-73r. 

He thus proposed an overall drum construction tolerance 
given by 

|0:73r + t]| << 3-6 x 10-3cm 


This calculation, of course, takes no account of the additions 
errors due to incorrect centring of the drum, such errors bein 
possible since one end of the banana lens drum is open an: 
without a centre bearing. Howden has shown? that with th 
experimental models a tolerance of 0-4 of a line was achievec 
Such a tolerance may be acceptable for domestic viewing. 


(2.1.2) Rotation of the Drum. 

The effect of deviations of the drum from its correct spee 
and phase are conveniently discussed here, although they an 
closely bound up with the electrical requirements in the servi 
mechanism. As indicated elsewhere? these deviations are « 
three types, namely low-frequency deviations giving pictus 
drift, intermediate-frequency deviations giving apparent pictus 
jitter and high-frequency deviations giving line jitter. | 

On the basis of a simple subjective experiment, Richards! ha 
tentatively proposed the tolerances shown in Table 1, whic 
must be met mainly by the efforts of the servo loop. 


Table 1 


TOLERANCES FOR DRUM ROTATION 


Deviation frequency Proposed tolerance 


(peak deviation in lines) 


[624 ] 
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The tolerance for zero frequency is based on a limitation of 
le aperture of the system to give the effect of 5° overscan. A 
rift of +24% = +9-5 lines is then permissible before the edge 
f the picture comes into view. 


1.3) Lens-Rod Diameter. 


It is obvious that considerable differences and variations in 
ms-rod diameter would lead to positional variations in the slit 
mage, and noticeable variations in the demagnification and 
rightness of the lines (giving rise to flicker). In practice it 
ppears that the only reason for setting any diameter tolerance 
_in order that the lens-rod positional tolerances set in 
ection 2.1.1 may be easily and conveniently met. In practice a 
jameter tolerance of +0-0005 in has been set. 


1.4) Mirror Shape. 


The mirror must be made sufficiently accurately so that no 
nage distortion is apparent under normal viewing conditions— 
icluding the movement of the viewer’s head up and down or 
‘om side to side over a restricted angle. No quantitative speci- 
cation has yet been made. 


1.5) Flicker. 


Relative differences in the optical transmission of the three 
ms rods will give rise to a flicker component at 163c/s, which 
ill have a high visibility compared with 50c/s flicker. This 
ariation in the relative transmission may be due to differences 
1 the optical properties of the lens materials themselves, or, 
lore probably, the differential accumulation of dust on the 
irfaces of the lenses. 

A preliminary experiment shows that for a plain field of 
sft-L brightness this 16%c/s flicker becomes objectionable 
hen the difference in effective lens transmission exceeds a value 
ymewhere between 2% and 10%. More refined experiments 
ould be necessary to determine the tolerance more accurately. 


1.6) Drive Torque. 

In Section 2.1.2 it was stated that a +24°% static variation in 
le vertical position of the picture is allowable. When the drum 
phase-locked, such shifts will occur as a result of the servo 
iechanism counteracting the effect of changes in drive torque. 
or this 24°% tolerance it has been found that the maximum 
lowable percentage change in the drive torque is +6% for the 
resent experimental model. Since the torque is proportional 
» the square of the applied voltage this means a mains supply- 
yltage tolerance of +3%, and this is much smaller than the 
riations likely to be encountered in practice. Some means of 
aproving this performance must be found. 


1.7) Pull In. 

With the present experimental integral motor the pull-in range 
only +2c/s, corresponding to a +4% change in the uncon- 
olied speed of the drum. This must be improved if satisfactory 
srformance under domestic conditions is to be achieved. Ifa 
parate motor is used the speed can be chosen to be close to 
; synchronous speed and its characteristics designed to give a 
uch greater pull-in range. Alternatively a two-mode syn- 
ionization system may be used. 


(2.2) Electrical Tolerances 


Owing to the method of colour selection in the present banana 
stem the colorimetric quality of the picture is very sensitive to 
anges in a large number of electrical parameters. The 
lerances to variations in these parameters have been fairly 
tensively investigated,* but it is possible to give here only a 


brief account of the results. The effects of the earth’s magnetic 
field and the susceptibility to stray fields are considered in a 
separate Section. 


(2.2.1) Fundamental Tolerances. 


The most stringent requirement for the banana tube, as with 
any colour tube, is that it should produce a satisfactorily uniform 
and acceptable white, and this will also be a measure of its 
ability to produce satisfactory colour pictures. The important 
tolerances will therefore be determined for a white picture. 
Self-decoding operation of the tube will be assumed. 

If the relative phosphor efficiencies are unchanged with life 
and have been balanced to give the correct white under ideal 
tube-operating conditions, errors will arise due to incorrect spot- 
wobble amplitude and inaccurate tracking of the unwobbled 
spot down the middle of the central phosphor stripe. These 
lead to two types of error in the white produced. Constant errors 
in tracking and spot-wobble amplitude will produce a uniform 
white of the incorrect chromaticity—i.e. they will affect the 
overall white. Local errors in tracking and spot-wobble ampli- 
tude will produce local white errors. 

As a basis for calculation, relative duty-cycle tolerance limits, 
which seemed reasonable in the light of experience, were chosen 
to be +15% for the overall white and +5% for the local white 
errors. Recent practical investigations have indicated that the 
local white error tolerance at least may have been chosen to be 
too small by about a factor of two, but it does give a starting- 
point to enable some estimation of the electrical tolerances to 
be made. 

From this postulate it is possible to deduce the spot-wobble 
amplitude and tracking tolerances for the two cases, and thence 
the tolerances for the various electrical (and mechanical) para- 
meters. It is clear that the spot-wobble amplitude and tracking 
tolerances will depend upon the spot-wobble amplitude vis-d-vis 
the strip triplet structure, but typical operating conditions have 
been taken which in fact appear to give near maximum tolerances 
with the present structure. In addition, these tolerances may be 
expected to be modified by the effect of spot size (which on 


current peaks is comparable with the phosphor strip width). - 


Since the spot shape is not circular and the current distribution 
in the spot cannot be represented by a simple function, a complete 
mathematical analysis would present a very formidable task. 
However, a simple analysis has been made for a uniform rect- 
angular spot to obtain some estimate of the possible effect of 
spot size. From this it has been found that the assumption of 
an infinitesimally small spot is not likely to lead to very great 
errors in determining tolerances where the white baJance is 
concerned. 


The following Sections indicate how the tolerances arise. To 
simplify calculation and experimental observation in the first 
instance individual tolerances only are determined, based on the 
assumption that only the variable under investigation produces 
an error. Where relevant, the observed tolerances for just- 
noticeable colour errors are also given. The tolerances, where all 
the parameters vary simultaneously, will be considered later. 


(2.2.2) Factors Affecting the Overall White. 


Three variables which affect the overall spot-wobble amplitude 
(calculated tolerance +9%) are: 

(a) Spot-wobble output-stage h.t. voltage-—Since the spot- 
wobble output stage is operating in Class C the spot-wobble 
current amplitude is approximately proportional to the h.t. 
voltage, so that the latter will have the same calculated per- 
centage tolerance as the spot-wobble amplitude, i.e. an indi- 
vidual tolerance of +9°%. The observed tolerance was, in fact, 
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+5%. H.T. stabilization is therefore necessary to accommodate 
mains fluctuations. 

(b) Spot-wobble output tuning —Detuning of the spot-wobble 
output stage will also affect the current amplitude. From the 
circuit specification it is a simple matter to deduce the tolerance 
on the resonant frequency of this circuit and hence the com- 
ponent tolerance (for thermal effects, etc.) for the tuning com- 
ponents, particularly the inductance. The calculated individual 
tolerance is about +10kc/s. In practice, hue errors, due to 
phase change with detuning, will probably lead to a closer 
tolerance (e.g. +24kc/s for a 5° phase change) which may be 
difficult to meet in practice. 

(c) E.H.T. voltage.—The spot-wobble sensitivity is inversely 
proportional to the square root of the e.h.t. voltage. Thus the 
percentage tolerance for the latter is approximately twice that 
for the spot-wobble amplitude (+20%). 

The calculated tolerance for constant transverse displacements 
is +0:42mm. There are two variable factors which may affect 
the tracking: 

(i) Axial rotation of the tube.—This is easily deduced from 
the equivalent transverse-displacement tolerance, and is cal- 
culated to be +37’ of arc. Rigid clamping is therefore necessary 
to avoid tube movement. 

(ii) ‘Field-deflection’ coil current.—It is evident that if such a 
coil is used a tolerance must be set for its current, but this will 
not be considered here. 


(2.2.3) Factors Producing Local White Errors. 


The calculated tolerance for variations in the spot-wobble 
amplitude along the phosphor triplet is +3%. The factors 
which affect this amplitude locally include: 

(a) Spot-wobble modulation—waveform amplitude and phase.— 
With the present system it is necessary to modulate the amplitude 
of the spot-wobble coil current in order to obtain constant 
visual spot-wobble amplitude, and deviation of the modulation 
waveform from its correct amplitude and phase will cause local 
white errors. Calculated tolerances for the waveform at present 
required are +24% for the amplitude and +0-6 ys for the 
phase. The observed amplitude tolerance was +10%. The 
modulation of spot wobble necessitates a very stable modulation- 
waveform generator. 

(b) Longitudinal scan displacements.—Similarly, owing to the 
need to modulate the spot-wobble current, errors will occur due 
to longitudinal scan displacements, partciularly at the far end 
where the modulation changes rapidly. The end-of-scan dis- 
placement has a calculated tolerance of +6mm. The following 
tolerances have therefore been determined: line-scan centring 
+4mm (observed tolerance +8mm) line-scan current ampli- 
tude +2%, e.h.t. voltage +8% (observed tolerance +3°%). 
The longitudinal position of the stripe triplet and therefore of 
the tube will also be of some minor importance. As previously 
mentioned, the earth’s magnetic field effects are discussed 
separately. 


There are a number of factors, other than the earth’s magnetic 
field, which produce local transverse displacements (tracking 
errors). (The calculated tolerance for these is +0-14mm.) 

The errors produced by these factors can be largely corrected 
in the setting-up procedure. The tolerance which is given refers 
to the mechanical stability which must be achieved once setting- 
up is completed. The factors are: 

(i) Line-coil orientation.—The calculated tolerance of +11’ of 
arc is deduced from experimental knowledge of the spot path 
for known coil orientations. 

(ii) Focus-coil orientation.—Experimental evidence indicates 
that the orientation of the focus coil on the tube neck is extremely 
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critical. Although no quantitative tolerances have been det 
mined a very rigid focus mount is necessary. 

(iii) Gun centrality—In this case, also, no quantitative ¢: 
mate of the tolerance has yet been made. 

(iv) Triplet coaxiality—Non-coaxiality of the stripe trip 
with the (correct) tramline field can produce tracking errors. 


To obtain either a correctly tracking unwobbled spot 
correct duty cycles with spot wobble, it is necessary to ma 
the strip triplet straight to within the local tracking toleran 
However, as there are four stripe edges which will affect 1 
duty cycle the tolerance for each of these has been taken as 1/, 
of the tracking tolerance, and calculated to be +0:07mm. T! 
constructional tolerance should be possible to meet. 

Incorrect focusing of the spot can also lead to local errors 
the white and in colour rendering. The experimentally det 
mined tolerance for the focus-coil current is +1:7%. 


(2.2.4) Summary of Electrical Tolerances. 


The calculated and observed individual tolerances given abo 
were determined, as explained, on the assumption that only i 
variable under investigation produced any error. In practi 
several parameters are likely to vary simultaneously, so that 
somewhat closer tolerance must be set to allow for this. Tabi 
gives calculated r.m.s. tolerances which have been derived fr< 
the calculated individual tolerances on the assumption that ea 
type of error is equally likely to occur. This may not be stric 
true, but at least it gives an approximate idea of the requireme: 
for a practical receiver. 


Table 2 | 
R.M.S. OPERATING TOLERANCES 
Variable R.M.S. Tolerance 
Spot-wobble output-stage h.t. voltage .. pele 
Spot-wobble output tuning ; ac +5ke/s 
E.H.T. voltage .. ns Ys 


ke ie Se pea 
Axial rotation of tube .. Me ie .. £16’ of arc 
Spot-wobble modulation: | 


(i) Waveform amplitude staille/s 
(i) Waveform phase +0:2 us 
Line-scan centring ‘ +1-3mm 
Line-scan current amplitude +0-6% 


For overall white and local white the relative duty-cycle tolerances are 15 % and | 
respectively. 


The tolerances for the factors affecting the overall wh 
(namely the spot-wobble output-stage tuning and h.t. volte 
and the axial rotation of the tube) are, of course, still based | 
the assumption that perfect phosphor balance is achieved 2: 
that no relative change in phosphor efficiencies occurs wi 
life. If, as must be, any provision is made for such errors, | 
electrical operating tolerances will be tightened still furthi 
However, it must be emphasized that these tolerances can | 
regarded only as indicating the order of magnitude. 


(2.3) Magnetic-Field Susceptibility 


Although the tramline magnetic field has a constrain: 
influence, particularly at the end of scan, the present meth: 
colour selection is essentially a ‘dead-reckoning’ one an 
easily disturbed by extraneous magnetic fields in the neighley 
hood of the device. These are of two types, namely the cc 
ponents of the earth’s magnetic field (which, although consta: 
will vary in their effect according to the orientation of | 
display) and stray fields from transformers, etc. 

The effects of the earth’s field on the present display he 
been fairly thoroughly investigated.5 As the phosphor-str 
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lane is at about 70° to the vertical, both the horizontal and 
rtical components of the earth’s field may in turn be resolved 
to components normal and transverse to the strip plane, and 
oth of these resultant components will therefore vary with the 
rientation of the display in the horizontal plane. 

The effects produced have been deduced, taking the vertical, 
y, and horizontal, H;,, components of the earth’s magnetic 
ald as approximately 0:45 and 0-18 oersted respectively and 
1 operating e.h.t. of 25kV. The calculations ignore the con- 
raining effect of the tramline field, which to some extent will 
litigate the effects of the earth’s field. 

The components of the earth’s field normal to the stripe plane 
ill produce a transverse displacement of the scan. The resolved 
ymponent of Hy will produce a constant end-of-scan displace- 
lent of about 8mm, and for satisfactory tube operation it is 
ecessary to correct for this. 

The resolved component of Hy will produce an end-of-scan 
isplacement which is a function of orientation and which will 
ave a peak value of 1-3mm. Since the permissible displace- 
lent is only 0-14 mm it is clear that in the absence of an adjust- 
ble compensating field the permissible rotation of the displace- 
vent will be severely limited. Calculation shows that, in the 
10st favourable case with the tube axis E—W, the rotational 
lerance is +27°. In the worst case, with the tube axis N-S, the 
ylerance is only +6°. Practical investigation has confirmed the 
tder of magnitude of these two tolerances. 

The components of the earth’s field transverse to the stripes 
in the stripe plane) will have a twofold effect. In the first place 
1e landing distance of the beam from the gun will be affected, 

e. the scan linearity will be modified. With the present modu- 
ited spot-wobble this will in turn result in an incorrect duty 
ycle. 

The resolved component of Ay will produce a constant 
nearity (and therefore spot-wobble amplitude) error. The 
jagnitude of its effect will not be determined as in practice it 
fill be compensated for automatically during initial setting-up. 
The resolved component of H;, will produce a variable orienta- 
ion-dependent end-of-scan displacement of about +5mm, 
fhich corresponds to a linearity variation of +1:2%. Asa 
nearity error this is not significant. The effect on the spot- 
jobble amplitude, however, is such as to produce a rather 
reater than tolerable error in duty cycles in the extreme case, 
ince the longitudinal end-of-scan positional tolerance is +4mm. 
Xompared with the tolerance for transverse displacements the 
estriction on orientation from this point of view is not important. 

It is evident that the banana tube is very susceptible to the 
ffects of stray fields, whether constant or slowly varying. It is 
ifficult without subjective investigation to determine a tolerance 
or varying fields, but from the earth’s field study it is possible 
9 set a tolerance for non-varying fields. The resolved com- 
onent of the earth’s horizontal field normal to the stripe plane 
:0-18 cos 60° = 0:09 oersted. This field, which exists through- 
ut the electron path, produces an observed peak end-of-scan 
ransverse displacement of about 1-3mm. Since the transverse- 
isplacement tolerance is +0-14mm the individual tolerance 
or uniform stray fields is about +0-01 oersted. In practice 
he stray fields will probably be fairly localized and a larger 
4aximum value would be permissible. However, since the 
ractical r.m.s. tolerance is of the order of +0-003 oersted, it 
eems safe to stipulate that the maximum value of stray fields 
1 the neighbourhood of the tube bulb must not exceed 0-01 
ersted. 


(2.4) Limitations and Requirements Set by Tolerances 


It is clear that some of the operating tolerances for the present 
anana display are small. This is particularly so from the 


point of view of obtaining a uniform white in the reproduced 
picture, even if the tentative + 5% tolerance for local relative 
duty-cycle variations is considered two or three times too pessi- 
mistic. From the tolerance figures available it is possible to 
draw a number of conclusions: 

(a) The need to modulate the spot-wobble amplitude leads to 
a considerable number of close tolerances, in particular for the 
line-current amplitude, spot-wobble modulation, e.h.t. and, 
above all, the normal h.t. line voltages. All of these should 
therefore be well stabilized. An electron-optical configura- 
tion which dispenses with the need to modulate the spot-wobble 
would eliminate most of them, including the e.h.t. and much 
of the h.t. voltage stabilization. (In practice, of course, the 
e.h.t. is normally stabilized for other reasons.) 

(6) Even with this important simplification, however, stabiliza- 
tion of the spot-wobble h.t. voltage is necessary to as little as 
about +2% to allow some margin for phosphor efficiency 
variations. This is not difficult but is an undesirable compli- 
cation in a domestic receiver. 

(c) The ‘dead-reckoning’ colour selection with the dimensions 
involved makes initial setting-up a difficult proposition, as the 
accuracy with which the tracking adjustments must be made 
precludes any method which relies entirely upon direct visual 
inspection of the scan along the stripes, or on setting-up with 
the tube and ancillary components removed from the drum. 
Experience suggests that the final setting-up can be done only 
by adjustment of the various controls for the most satisfactorily 
uniform white raster. With so many interdependent parameters 
involved (tube and line-coil orientation, focus-coil position, 
earth’s field correction, spot-wobble amplitude, and—in the 
present display—spot-wobble modulation) this tends to be a 
rather laborious and skilled task. 

(d) As already seen, a further consequence of the dead- 
reckoning colour selection is the great sensitivity of the display 
to the effects of magnetic fields, and the display cannot be 
rotated far without readjustment. 


(3) APPRAISAL OF PICTURE QUALITY 


An attempt is made here to assess the quality of the pictures 
produced on the banana display with the electronic and 
mechanical operating conditions which have been achieved in 
the laboratory at this stage in the investigation. 


(3.1) Brightness 


Although virtually all the gun current in the banana tube 
(unlike the shadowmask tube) falls on the phosphors, there are 
a number of factors limiting the brightness of the banana pictures. 
In the first place there is a demagnification of the triplet image 
in the frame direction by about 5 : 1 so that the phosphor stripes 
must be wider by this factor than the required width in the 
final image. This involves a corresponding increase in beam 
current to obtain a given brightness. Other limiting factors are, 
of course, the peak current available from the gun, the acceptable 
loss of resolution on high-lights due to spot-size increase, the 
current saturation, if any, of the phosphors and the mean current 
available from the e.h.t. generator. 

Measurements on the present tubes show that, at an e.h.t. of 
25kV, highlight brightnesses of 25-30ft-L are obtainable. This 
requires a mean beam current of the order of 400 1A on average 
picture material, a figure which compares favourably with that 
for current shadowmask tubes. 


(3.2) Contrast and Resistance to Effects of Ambient Light 
The potential inherent contrast range is extremely high. In 
practice it is difficult to ensure perfect ‘blacks’ owing to several 
effects. The tin-oxide coating and the internal blackened metal 
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shield may reflect some of the intense light produced by areas 
of the phosphor stripes subjected to high instantaneous beam 
currents. Reflection also occurs from the lens surfaces inside 
the drum, and the inevitable accumulation of dust on the tube 
and lens rods causes appreciable scatter which in the final image 
manifests itself as a form of horizontal streaking in the neighbour- 
hood of high-lights. In practice the resultant contrast ratio is 
still very good, being of the order of 40 : 1 under typical con- 
ditions. 

Another importance feature of a display device that must be 
considered is its performance in the presence of high levels of 
ambient light. This is particularly important for colour-picture 
display as dilution of the picture by ambient light produces not 
only a loss of brightness contrast but also a more disturbing 
desaturation of the colours. 

In this aspect the banana system has a distinct advantage over 
direct-view displays. The picture is viewed as a virtual image 
which is seen against a black background determined by the low- 
reflectivity exterior of the lens drum. The amount of ambient 
light returned to the viewer’s eye is thus small, and the display 
therefore retains its good contrast and colour saturation under 
very high levels of ambient light. 

Table 3 gives a typical comparison of the behaviour of the 
banana and shadowmask tubes under ambient light. 


Table 3 


COMPARISON OF BANANA AND SHADOWMASK TUBE CONTRAST 
RATIOS 
Shadowmask tube 


Ambient light Banana tube 


Nil ce “5 
4ft-L (100 W lamp at 6ft 


40:1 PY I 
S21 of es | 
from display) 
16ft-L (100 W lamp at 3 ft 19e 4:1 
from display) 


Contrast range measured on black and peak-white squares of test card C gamma 
wedge for an initial high-light brightness of 25 ft-L. 
Ambient light measured as brightness of a vertical white card at front of display unit, 


(3.3) Resolution 


The acceptability, or otherwise, of the resolution in a colour 
picture is very much a subjective matter, and there is in any 
case little available information to enable accurate determination 
of the relationship between spot size and subjective resolution. 
However, it is possible to make some general comments on this 
aspect of the banana display. 

It can be shown that if the stripe triplet can be made wider 
than the value determined from the final desired raster and the 
demagnification, the tracking tolerance and therefore the colour 
purity are improved. In addition, some overlap of the stripes 
in the field of view helps to reduce line visibility in picture areas 
of pure saturated primary colours. For these reasons a 50% 
overlap of successive triplets in the image has been chosen. This 
will inevitably result in some loss of vertical resolution, but this 
does not appear to be significantly large. 

The horizontal resolution will be limited by the spot size and 
effects associated with the rate of sequential colour selection 
adopted. The requirements of high brightness, simple electron 
optics and small spot size are necessaraily conflicting. The 
spot size must therefore be the result of a compromise. 

The convenient choice of the 2-66 Mc/s sub-carrier frequency 
for spot wobble also limits the resolution. A 2-66 Mc/s inter- 
laced dot structure will be visible everywhere in the picture and 
higher-frequency information will be attenuated. Furthermore, 
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luminance information having a frequency near that of the su 
carrier will lead to unpleasant low-frequency coloured be 
patterns which will tend to obscure any remaining high-frequen 
resolution. 

The resolution at present obtained is probably inadequate f 
domestic use with the 405-line standard. 


(3.4) Colour Fidelity and White-Field Uniformity 


The factors determining colour fidelity have been discuss 
by Jackson.® It has been shown that the effect of spot size mi 
not be serious. Errors arising as a result of self-decoding a1 
the use of an incorrect green phosphor can be appreciah 
reduced at the cost of circuit complexity. The errors likely in 
domestic receiver will therefore depend upon the circuits fina! 
chosen, which will involve a compromise between circuit sit 
plicity and fidelity of colour reproduction. 

Associated with these effects, the ability of the device to pr 
duce a satisfactory and uniform white must be considered. Ti 
precision of tube operation necessary to achieve this has be 
discussed (Section 2.2.1), and it will be clear that this is like 
to be a difficult requirement to satisfy in a domestic receiver. 


(3.5) Image Registration 


Owing to the side-by-side arrangement of the three phospi 
stripes in the tube the image of the wobbled triplet in the fia 
picture will be seen as three adjacent horizontal coloured lia 
for each scanning line. The visibility of these lines as separa 
images is, of course, appreciably reduced by the optical demagr 
fication of the system, and also by the 50% overlap mentions 
earlier. However, single horizontal white lines in the pictu 
still have apparent coloured edges. The visibility of this ‘fringin 
is dependent upon the phosphor stripe configuration. F: 
example, if blue is chosen as the centre stripe, only 11% of # 
luminance is emitted by this stripe; most of the luminance w 
be emitted by the outer stripes and horizontal white lines w 
have distinct red and green edges. This fringing effect is a mir 
mum for a central green stripe, and this configuration has bee 
adopted for the experimental tubes although it limits somewh 
the choice of self-decoding techniques. 

The third alternative of a red central stripe does not appe: 
to offer much scope with self-decoding, unless complete sign 
recoding is employed. 

For verticals, registration is dependent primarily upon 1 
nature of the spot wobble. If the video signal consists of! 
pattern of very small white spots (of duration less than one cya 
of spot wobble), the reproduced spots will be coloured accordii 
to the spot-wobble phase at the time of the video-signal pulse 
The result will be a reproduced pattern of spots of differe: 
colours. This colouring effect is still evident on lower-definitia 
signals, so that vertical edges have coloured fringes, the colo: 
depending upon the position in the raster. This fringing 
verticals can be appreciably exaggerated if the spot-wobble: 
‘tilted’ with respect to the triplet. | 

There is a further cause of colour fringing of verticals whi) 
occurs for off-axis viewing and which is a fundamental fea: 
of the optical system. As the drum rotates the optical pat 
lengths from the screen in the tube to the observer vary in: 
slightly different way for the three phosphor stripes. Each stri’ 
will generate a flat picture plane which is substantially coincid 
with those of the two other stripes. The largest deviativi 
(approximately 2mm) occurs at the top and bottom of ti 
picture where the screen is viewed at an oblique angle. 4 
observer looking at the picture from a central position will 
notice this effect, but some parallax will be discernible wi 
off-axis viewing. 
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. (3.6) Miscellaneous Features 
.6.1) Afterglow. 
The phosphor-afterglow requirements have already been 
<plained,® and of the colour phosphors at present available the 
fterglow of the green is still not satisfactory. 


.6.2) Scratch Flicker. 


Surface scratches on the lens rods produce very unpleasant 
ickering shapes in a plane in front of the picture. Special 
are is necessary to obtain lenses of sufficiently high quality. 


6.3) Mechanical Noise. 


The use of a mechanical field-scan system for a domestic 
ceiver inevitably raises the problem of noise. Work by 
lowden has done much to reduce the noise level of the present 
xperimental display, particularly from bearings, and most of 
ie residual noise is probably due to air disturbance by the lens 
xds. However, although a surprisingly low noise level is now 
ossible, further investigation is needed for a domestic receiver. 


3.6.4) Dust. 


It has already been pointed out that the accumulation of 
ust on the lens rods results in a loss of contrast. Moreover, 
le accumulation of dust, particularly where moving parts are 
wolved, is very undesirable. Experience with projection 
sceivers indicates that, at the e.h.t. voltage involved, steps must 
e taken to minimize the accumulation of dust. 


(3.7) Presentation 


Whereas direct-view displays have very wide angles of view 
n excess of 100° in the vertical and horizontal planes), the angle 
f view of the banana display is limited in comparison. This is 
ue to the fact that the picture is viewed as a virtual image 
hich appears to be situated some distance behind the mirror. 
a the horizontal plane the viewing angle is thus limited by the 
ide edges of the mirror (or any surrounding box, which will 
ause a further restriction). In the vertical plane the viewing 
ngle is limited by the top and bottom edges of the mirror. The 
resent maximum total horizontal angle of view at large distances 
ithout any loss of any part of the picture is about 44°, and 
milarly the total vertical angle of view is about 5°. These 
gures correspond to an area 1 ft 2in high by 7ft 9in wide at a 
iewing distance of 8 ft from the bottom of the mirror. 

For this viewing angle to be achieved the picture size must be 
sss than the viewing aperture. For example, for the present 
isplay the viewing angle figures given above are for a picture 
2in high by 16in wide which is viewed in a mirror with a 
rojected size of 15 x 274in. This in turn is mounted on top 
fa cabinet measuring approximately 30 x 34in. The picture 
; thus small in comparison with the overall dimensions of the 
isplay, and this effect must be exaggerated slightly by the fact 
yat the picture is a virtual image located about 12in behind 
1e bottom edge of the mirror. The extent to which this effect 
:acceptable is a matter for individual taste. 

The banana display has a distinct advantage as regards depth 
‘om front to back (an aspect that is now important in mono- 
hrome practice) as it has a front-to-back dimension in the 
sgion of the drum of only about 12 in, which is less than half of 
hat possible for a shadowmask receiver and is comparable 
ith present monochrome practice. : 

The picture presented by the banana-tube display is inherently 
quare-cornered and the aspect ratio can readily be chosen to be 
orrect. It is likely, therefore, that the picture shape of a 
anana-tube receiver would conform to the transmission 


fandards. 


In the experimental models a 30 x 40cm raster has been 
chosen. This renders picture detail at the same size as the 
popular 17in picture tube. The picture area is, of course, 
considerably greater than for a 17 in tube. 


(3.8) Stability 


If the banana-tube display is to have any chance of success 
it must exhibit adequate stability of operation over periods of at 
least several hundred hours, for a wide range of mains supply 
voltages and ambient temperatures, and while subject to 
repeated switching on and off. The present experimental models 
have not been satisfactory in this respect. The general use of 
fully stabilized power supplies (excluding valve heaters and 
motor supply) and reasonably refined circuit techniques in the 
experimental equipment has failed to give adequate stability. 

The stability of the phosphor colour and efficiency also needs 
to be considered. It is certain that phosphor efficiency will 
change with temperature and during life. At present there is 
inadequate experience to indicate how serious the effects will be, 
but the phosphor operating conditions are very much more 
rigorous than in a direct-view tube. Furthermore, any local 
variation in phosphor performance will appear as a vertical 
feature of the picture, and this again sets a limit on the variations 
which can be tolerated. 


(4) COST 

The cost of production is a key factor in the assessment of 
any display device for use in a domestic colour-television 
receiver. As mentioned by Schagen,’ the banana concept 
initially offered a reasonable chance of providing a receiver 
competitive in price with a receiver incorporating a shadowmask 
tube. The investigation of the system has permitted increasingly 
accurate estimates of the cost to be made and they have confirmed 
this initial impression. However, the two television receivers 
being compared arecomplex, hardly any of the major components 
are common and neither is sufficiently developed in Europe to 
have established production techniques. In these circumstances 
the accuracy of the best cost comparison is not high, say 
+15-20% for each figure. 

With this reservation the latest cost comparison can be given 
as follows: 


Table model, 21in, monochrome—current 100 units 
techniques 

Banana consolette—techniques which can 272 units 
be visualized for use in the immediate 
future 

Banana consolette—techniques visualized as 224 units 
possible optimum 

Shadowmask consolette—current techniques 307 units 


No attempt has been made here to visualize the optimum 
techniques of the future for building a shadowmask receiver 
and the effect they would have on the cost price. 

Perhaps the most important fact which arises from this study 
of costs is the following. The cost of the shadowmask-tube 
receiver or the banana-tube receiver is likely to be over twice 
that of the corresponding black-and-white receiver, even taking 
into account anticipated development of the colour receivers. 


(5) CONCLUSIONS 


It is appropriate to enumerate and assess the most significant 
features of the banana-tube system in order to judge it in 
relation to other known devices and as a solution to the problem 
of colour television. 

The banana-tube receiver fulfils two of the essential require- 
ments of modern television viewing to an extent that cannot be 
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matched by a receiver based on any other known display device. 

First, the picture may be viewed in a room having normal 
lighting; with other devices almost complete darkness is necessary 
to achieve good contrast and colour saturation. 

Second, the cabinet may be very shallow and therefore meet 
the demand which has dominated the post-war development of 
the television receiver. 

Furthermore, the banana system could meet, in principle, the 
stringent reverse-compatibility requirements of producing a 
good black-and-white picture by using a separate white-phosphor 
stripe as described elsewhere. 

The light, small and simple colour tube is one of the most 
attractive features of the banana concept.’ As well as its effect 
on the cost of a receiver it has a number of subsidiary advantages 
over the more cumbersome direct-view tubes, including ease of 
handling and storage. 

A comparison has been made which showed the estimated 
cost of a banana-tube receiver to be somewhat less than that 
for a shadowmask receiver. If this were to be substantiated it 
would be a fact of the greatest importance. 

While the initial cost is of prime importance, the cost of 
maintenance must also be considered. Tube replacement and 
the subsequent adjustment of the receiver will be a major factor. 
It is well known that the adjustment associated with a shadow- 
mask tube is much more complex than that associated with a 
black-and-white tube. At present the adjustment following the 
insertion of a new banana tube requires a similar degree of skill 
and experience and occupies a similar length of time. However, 
the banana tube itself should be much cheaper than a shadow- 
mask tube and will be very much easier to handle. 

Against this must be offset the probable need for regular 
attention to the mechanical and optical parts of the receiver. 
Furthermore, in certain respects, the operating conditions of the 
banana tube are likely to be more stringent than the corre- 
sponding conditions in the shadowmask tube, and more frequent 
replacement may be necessary. It would seem unwise to assume 
that the banana-tube receiver would be significantly cheaper to 
maintain. 

Any discussion on the acceptability of the unconventional 
features of the banana system, particularly the cabinet styling, 
must inevitably introduce personal opinion and be indecisive. 
The following important factors must be considered. 

The limited number of observers who have seen laboratory 
demonstrations certainly did not object to the virtual image, 
while the flatness and squareness of the picture were considered 
to be clear advantages. On the other hand, the limited viewing 
angle will undoubtedly be a disadvantage in domestic viewing 
conditions. 

The special problems of the mechanical and optical parts of 
the system, namely noise, jitter, flicker, dust accumulation and 
duration of reliable performance, would appear to be soluble 
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in the laboratory. The investigation has not proceeded f 
enough to establish whether or not these problems can be solve 
for a mass-produced domestic receiver. 

Some limitations of the picture quality have been discusse 
Despite these limitations, pictures giving an overall satisfacto 
impression and comparable with those of a shadowmask tul 
are produced. Further development to improve both f 
resolution and the brightness is desirable in order to give 
margin which would allow for the spread of performan 
inherent in mass-production and domestic use. 

The stability of performance of a colour-display device is « 
fundamental importance. In this respect there are three featur 
of the banana-tube system in its present form which are unsati 
factory. They are the stringent tolerances which arise from t 
method of colour selection, the susceptibility to magnetic fie 
and the phosphor performance. Any further development | 
the system must be concerned with these features. 
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DISCUSSION ON THE ABOVE SIX PAPERS BEFORE THE ELECTRONICS AND COMMUNICATIONS 


SECTION, 15TH 


Mr. A. V. Lord: Dr. Schagen has compared the relative 
brightness obtained from shadow-mask and_ banana-tube 
displays. Presumably, his figures for the shadow-mask display 
refer to an older form of tube; the latest version is reported to 
give a brightness of 40 ft-L for a total beam current of 1-6mA. 
Will he compare the relative merits of the latest shadow-mask 
and banana displays with regard to brightness and beam current? 

Dr. Schagen and Mr. Eastwell describe the sulphide phosphors 
used in the banana tube. These have chromaticities similar to 
those used in the latest shadow-mask tube; they also have short 
afterglow. It is perhaps unfortunate that, owing to the 
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50 fields/sec scanning standard, such colour displays will te: 
to show flicker at brightness levels above 20-25 ft-L. Perhe 
their high-brightness potentialities may be only exploited fu 
on a 60 fields/sec standard where the flicker threshold is in i 
neighbourhood of 70ft-L. The lower peak brightness and 1 
relatively long afterglow of the phosphors used in the older ty 
shadow-mask tube gave 50 fields/sec pictures remarkably fi 
from flicker and interline effects. 

Mr. Freeman discusses signal processing for the bana 
display in terms of the N.T.S.C. form of colour signal. Does: 
agree that the S.E.C.A.M. form of signal would demand grea: 
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ircuit complexity? One feature of the S.E.C.A.M. system, 
laimed by its proponents, is that the complete composite 
ignal may be applied to the tube; there is no need to ‘notch out’ 
ne chrominance by means of a band-stop filter. One-gun 
isplays, such as the banana system, are likely to suffer from 
ifficulties due to beats between the colour-switching wave and 
igh-frequency signal. and noise components. Such beats 
vould be more pronounced if variable-frequency chrominance 
ignals of the S.E.C.A.M. type were applied to the tube. 

Mr. Jackson does not favour changing the specification of the 
ransmitted signal in order to suit the synthesis primaries of a 
articular display device. If, however, the vast majority of 
olour displays were to employ the all-sulphide phosphor trio, 
hould a change in the transmission parameters then be con- 
idered ? 

Acoustic noise from the mechanical field-scan system is 
malysed in Mr. Howden’s paper. How does the noise level 
lue to the drum compare with that experienced from conven- 
ional television receivers where loudspeaker hum and the 
jibrations of transformer laminations are often audible? 

Messrs. Freeman and Overton’s appraisal of the banana 
ystem shows a critical and realistic attitude. Have develop- 
ments made since the submission of their paper resulted in 
iny improvements which might modify their conclusions 
ignificantly ? 

Mr. L. C. Jesty: The tube is potentially so cheap that its cost 
would be a fraction of that of a shadow-mask tube. Therefore 
t might be worth making it a little more complicated and 
sxpensive if by this means considerable savings could be achieved 
n other directions, the object being to make the complete 
eceiver cheap. With this in mind, would it help if the neck, 
nstead of being coaxial with the banana part, was tipped up to 
mie corner? It would still come conveniently outside the lens 
jrum. One would have to put in an ion trap, but it might 
simplify the present rather complicated beam bending and 
scanning. Then there is the question of guiding the spot along 
he phosphor triad. One might use index stripes in the structure 
of the screen. This could help with the difficult beam-guidance 
problem. 

Have the authors considered the feasibility of this develop- 
ment for a very cheap colour receiver? A colour-television 
eceiver must give good colour, but it might be possible with this 
system to sacrifice certain features such as picture size, bright- 
1ess, viewing angle, etc., if this led to a worthwhile reduction in 
sost. By this means one could provide a colour receiver which 
$ not in the luxury market, and this would help materially in 
aunching a colour-television service. 

_ Mr. W. Buchanan: In the advantages which are claimed for 
the tube and the philosophy of design, it appears that we are to 
make as cheap a tube as possible so that the circuits—or, in 
his case, mechanical equipments—which are permanent or can 
be repaired, will take the major part of the cost. Will the 
authors comment on whether the same amount of ingenuity 
should be applied to making a vacuum device with complica- 
tions in it, designed so as to permit cheap reconditioning? The 
complications would be permanent in the tube and not part of 
the cathode, for instance, which will wear out. It is a very 
difficult question to answer but one which has to be given 
thought in proposing a philosophy of design for new systems. 
1 do not think too much emphasis should be placed on the 
ittraction to the viewer of shallow cabinets. The present trend 
his way, in monochrome, is largely a matter of circuit versus 
shassis and cabinet costs. 

Mr. C. A. Marshall: What we have seen tonight is an excellent 
laboratory prototype, but the ultimate aim and object must be 
1 television receiver. Can we, for a moment, imagine that a 


few years have gone by and that the system is being considered 
for domestic television? 

I cannot visualize mechanical scanning ever being accepted, 
in view of the great success of all-electronic scanning systems. 
With regard to the limit in angle of view (which I think is con- 
nected with the mirror), the public would be quite convinced 
that this was not really acceptable. They see their ordinary 
black-and-white picture on a nearly flat tube and over a very 
wide angle, so they are sure to make comparisons. 

On the question of stability of operation, in Messrs. Freeman 
and Overton’s paper there is a rather alarming paragraph which 
says, ‘The general use of fully stabilized power supplies . . . and 
reasonably refined circuit techniques in the experimental equip- 
ment has failed to give adequate stability’. If this is the case, it 
is a serious limitation. 

Mechanical noise, jitter, flicker and dust are still serious 
problems and all these factors tend to prejudice the system 
for use in domestic receivers unless some very significant 
changes occur. Although these problems could be solved, 
perhaps, in the laboratory prototype, one is tempted to ask how 
the system would then perform after a year’s use in a dusty 
room. 

Finally, bearing in mind that the scanning for the whole 
picture in any one colour occurs on one stripe of phosphor, 
what is the expected life of the phosphor? 

Mr. I. J. P. James: Mr. Freeman has rather written down the 
colour-difference gating method of colour selection, which I 
should think would involve a gating frequency lower than that 
necessary with the full bandwidth gating. In addition, with 
gray-scale pictures the luminance signal would be the only one 
applied to the cathode-ray tube, since the colour-difference 
signals disappear. This will eliminate chopping of the gray-scale 
signals and improve the signal/noise ratio. Will the author 
comment? 

On the question of single-gun versus 3-gun tubes, there is the 
matter of servicing the sets in the home. Does one need a 
complete television colour-bar waveform in order to set up the 
various controls? I do not think one needs this with an ordinary 
3-gun shadow-mask tube receiver. 

Mr. A. Isaacs: It would appear from the geometry of the tube 
that the line scan is basically non-linear. Is this non-linearity 
corrected by the built-in magnetic field or by the circuit design? 
If the tube is non-linear, will the proposed new type of tube 
improve its non-linearity? 

Any colour receiver which is produced in the foreseeable 
future must be capable of displaying monochrome pictures 
which use existing studio techniques. These include syn- 
chronizing the field frequency to that of the mains, and also 
locking the field component of the mixed synchronizing wave- 
form to that of an external mixed video signal, i.e. master-slaving 
(commonly called ‘Sync-Lock’ or ‘Gen-Lock’). In the case of 
master-slaving there is a step change in field frequency of 
0-25c/s which may last for 8sec on 405-line standard. Unless 
the field-lock system controls in less than a line period, the above 
change in frequency will produce a noticeable phase error in the 
field of the received picture. 

Dr. G. J. Phillips: It would appear that a larger-diameter 
cylindrical lens would improve the picture brightness. If 
vertical registration of the three coloured images is the limita- 
tion, have the authors considered using a prism to improve the 
vertical registration ? 

Mr. K. A. Russell (communicated): It would seem possible for 
the banana tube to be used to advantage with a S.E.C.A.M.-type 
colour signal if the phosphors are scanned green/red, green/blue 
on successive lines with a duty cycle of 120°/240° respectively 
(the red and blue phosphor stripes would have to be wider than 
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the green stripe, of course). A delay line should not be necessary 
if the red and blue phosphors produced sufficient light for two 
lines each time they were scanned. 

It is appreciated that such a method might make it impossible 
to use a truly constant luminance signal, but will the authors 
comment on it and say if such a scheme has been considered 
by them? 

Details of the spot-wobble deflection system were not given, 
but it may be deduced that a single deflection coil is employed 
in the display systems demonstrated and described. 
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Have the authors considered using a double-deflection syster 
consisting of a magnetic yoke with its ends at either end of th 
main line-deflection coil, so that the magnetic fields crossing th 
neck of the tube are in opposite directions? This should caus 
the electron beam to be defiected when it passes the first limb c 
the yoke and to be deflected back on to a parallel track o 
passing the second limb of the yoke. This system might simplif 
the tracking of the electron beams down the phosphor stripe 
and get over some of the problems concerned with modulatin 
the spot-wobble amplitude. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


Dr. P. Schagen (in reply): To Mr. Lord.—The comparison of 
relative brightness obtained with shadow-mask and banana-tube 
displays was indeed based on the published data for an earlier 
shadow-mask tube and measurements with one of the early 
banana tubes. The latest version of the shadow-mask tube is 
reported to give a brightness of 40 ft-L for a total beam current 
of 1-6mA. Measurements of a recent banana tube yield 
approximately the same figure. 

I agree that the American 60 fields/sec standard allows these 
higher brightness potentialities to be more fully exploited. 
With the European standard of 50 fields/sec the older phosphors 
with their longer afterglow were more advantageous in this 
respect. On the other hand, the high efficiencies of the sulphide 
phosphors do provide the opportunity to improve the resistance 
of the shadow-mask tube to ambient illumination by employing 
a more strongly absorbing grey filter in front of the tube. 

To Mr. Jesty—Mr. Jesty suggested that it might be worth 
while making the banana tube a little more complicated in order 
to ease the beam bending and guiding problems. This is, in fact, 
the approach which we had in mind when we referred to the 
principle of ‘positive guidance’. Recent laboratory experiments 
have indicated that it is possible to achieve a much better track- 
ing of the beam along the phosphor stripes with the aid of 
electrostatic fields inside the tube. This makes, in addition, the 
permanent magnetic deflecting field superfluous and provides 
good focusing. The spot wobble is in this case generated by an 
h.f. alternating potential on deflection plates along the length of 
the screen, which no longer requires amplitude modulation at line 
frequency. 

Placing the neck of the tube at an angle to the main envelope 
would not materially ease the electron optical problems. 

To Dr. Phillips ——Dr. Phillips’s suggestion, to bring the virtual 
images of the three colour Jines closer together with the aid of a 
prism in order to enable the use of lens rods with larger diameter, 
is not easily applicable to the banana tube since the screen is 
viewed from the scanned side. With the mallet tube, on the 
other hand, it has been suggested to superimpose the images 
of the three lines completely by the use of narrow dichroic 
mirrors. 

Mr. B. Eastwell (in reply): To Mr. Buchanan—Already con- 
siderable ingenuity has gone into making colour-display vacuum 
devices. Apart from the banana tube, all these devices involve 
considerable technological complications which account for the 
high cost of the more conventional display tubes. Further com- 
plications to enable complete reconditioning to be an easy 
possibility would increase cost still further, not only because of 
the basic cost of the additional features, but also owing to 
the higher reject rates which would result during tube pro- 
cessing. 

To Mr. Marshall—At present the life of the banana-tube 
phosphors is considerably shorter than that of the phosphors in 
the shadow-mask tube, where it is no problem. However, it 


has already been established that the type of screen processin, 
employed when depositing the phosphors on an aluminiun 
substrate plays a vital role in their life properties. In addition 
it is known that the vacuum in the banana tube is between on 
and two orders less than could be achieved with improve 
pumping schedules. Thus, at present the phosphors are sud 
jected to considerable ion bombardment. Both these aspects ar 
to be investigated more fully. In addition, work is to be carries 
out on the basic properties of the phosphors. Their target hi 
is 2000h. 

Mr. B. R. Overton (in reply): To Mr. Jesty—We have no 
to any great extent considered the feasibility of the banans 
system for a very cheap colour receiver. It is probable that, & 
make any appreciable reduction in the cost, it would be necessar 
to make such large sacrifices in the quality and presentation 5 
the pictures that the end-result would not be acceptable. 

To Mr. Buchanan.—The fact that recent developments in tubs 
manufacture and circuits have permitted the production o 
shallow cabinets does not alter the fact that shallow cabinet: 
have considerable attraction for the viewer, particularly nov 
there is such a premium on living space. However, at ths 
moment any possible colour receiver will have a total volume 
of the order of 8 ft? and what the banana system gains in shallow 
ness it must lose in width. There are thus a number of pro: 
and cons regarding cabinet size and shape, which we havs 
enumerated in the appraisal paper, but which, in the last resort 
must be a matter of individual taste. 

To Mr. Marshall_—At the start of this project the objection: 
Mr. Marshall states were well appreciated. It was felt that, i 
the problem of colour-television reception (a cheap, reliabk 
receiver giving a good-quality picture) could be completels 
solved in this novel manner, prejudice against mechanical o: 
optical systems would not matter. We are now describing the 
work carried out, explaining both what we have achievec 
and the difficulties encountered. It is in the light of thi: 
information that the system should be assessed for furthe: 
development. 

Mr. H. Howden (in reply): To Mr. Marshall—The mait 
purpose of this investigation to date has been to construct : 
machine which will assist in the development of the banana-tubs 
system and enable it to be demonstrated. No attempts hays 
been made at this stage to eliminate the dust problem, other that 
to substitute glass lenses for the earlier plastic lenses. It wil 
be necessary in any final receiver to provide some protection fo: 
the high-potential tube envelope and the rotating-lens drum, e.g 
by enclosing them within a reasonably dust-tight envelope con: 
taining a glass window. Accumulated dust on the exposec 
viewing surfaces could then be removed by normal domestic 
methods, and the device would then, in this respect, be simila: 
to a conventional receiver. 

To Mr. Lord.—On the subject of acoustic noise from the field: 
scan mechanism, measurements taken on the prototype in ar 
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mbient laboratory background of 43dB with the meter 6ft 
rom the receiver are: ; 


lack and white 17 in receiver 
45 dB . 


Banana-tube receiver 


Drum alone, 46 dB 
Drum plus time-base, 47 dB 


Mr. K. G. Freeman (in reply): In reply to Messrs. Lord’s and 
ussell’s points about the possible use of the S.E.C.A.M. or a 
imilar system with the banana tube, we have not given much 
onsideration to this: unlike the N.T.S.C. system it does not 
ppear to lend itself at all readily to self-decoding techniques 
jith single-gun tubes. I therefore agree that the S.E.C.A.M. 
orm of signal would demand greater circuit complexity, and 
Iso that the noise and beating effects would be worse, particu- 
uly in the variant of the system where frequency modulation 
f the chrominance sub-carrier occurs. 

Mr. Russell’s proposals are interesting, but I cannot see how 
ney would work. The use of red, green and blue primary 
hosphors means that only light of these colours can be stored 
y the afterglow, whereas for the S.E.C.A.M. system it is 
equired to store colour-difference signals. The general con- 
lusion is that the S.E.C.A.M. type of system is not suitable for a 
ood-quality domestic single-gun display. 

Taking Mr. Lord’s last point, in so far as the conclusion of 
ae appraisal paper is that the banana system in its present form 
; not a feasible basis for a domestic receiver, any developments 
ince the papers were written cannot affect that conclusion. In 
act, of course, proposed improvements, such as the introduction 
f positive guidance into the tube, would go a long way towards 
liminating the stringent electrical tolerances which make the 
resent system untenable, but then the system would differ 
ppreciably from that described. 

However, many of the other features which give cause for 
oOncern, namely mechanical reliability, phosphor life, dust 
ccumulation, flicker etc., would still have to be dealt with. 
urthermore, attention would still have to be paid to designing 
ined amplifiers of adequate stability for the self-decoding 
ircuits, as these are at least in part responsible for the lack of 
ability under laboratory conditions, a feature to which Mr. 
f{arshall drew attention. 

There is some ambiguity in Mr. James’s question about the 
se of colour-difference gating, as the gating frequency is of 
ecessity determined by the rate of colour selection. I assume 
lat he meant that with colour-difference gating it would be 
Ossible to reduce the bandwidth of the gating circuit (i.e. to 
\crease the rise time) since errors in the colour-difference gating 
ill only affect colour rendition, and with this I agree. In 
ractice, some degradation of bandwidth may be permissible 
ad the grey-scale rendering could be better than with R, G, B 
ating. As I have shown in Reference 8 of the circuit paper, 
owever, R— Y, G— Y, B-—Y colour-difference gating 
ecessitates a signal-handling capacity of 1-87 Y in the B— Y 
yannel. The use of an M-luminance signal reduces this 
quirement to 1-33 M, but there is then the complication of 
eriving the M signal. 

With regard to the signal/noise ratio, I again agree that 
Jlour-difference gating will result in an improvement (par- 
cularly in desaturated areas of the picture) and this should also 
oply to the beating effects mentioned by Mr. Lord. There is 
tle doubt that these effects are the result of intermodulation 
stween the beam-current gating and the noise and luminance 
formation in the region of the gating frequency. A reduction 
| the amount of gating will therefore reduce these effects, as 
ould the use of a higher gating frequency. However, important 
all these points are, I am sure Mr. James will share my opinion 
at signal gating is neither an economically nor philosophically 


appropriate way to use a single-gun colour tube in a domestic 
receiver. 

As regards the servicing requirements in the home, we must 
therefore endeavour to compare a self-decoding banana receiver 
with a 3-gun shadow-mask receiver. I do not agree that for the 
latter a composite video colour-bar signal is entirely unneces- 
sary, as it is possible to think of faults in the automatic phase- 
control circuit or the synchronous detectors which would be very 
difficult to put right without one. For a self-decoding banana 
receiver there would also be several channels requiring critical 
adjustment of relative phases (e.g. in the present modulated 
tripler there are three such channels), which could not be easily 
done on ordinary colour-picture material. It is therefore 
reasonable to assume that the test signal would be even more 
necessary. 

In reply to Mr. Isaacs, the non-linearity of line scan which 
arises as a result of the geometry of the tube is partly corrected 
by the magnetic field of the ‘tram-lines’ and partly by the circuits 
(and design of the deflector coil). However, as will be seen 
from the circuit paper, the line-scan current waveform finally 
required is not unduly non-linear. The proposed tube using 
positive guidance is not likely to make much difference to the 
line-scan current requirements. 

On the question of the effect of step changes in field frequency, 
as encountered in master-slaving etc., | am now inclined to 
agree that this will be a difficult problem with a mechanical 
field-scan system. I have performed the experiment of switch- 
ing suddenly from mains lock (49-8 c/s at the time) to sub-carrier 
lock (50c/s), and on the present display this produces a transient 
displacement of the raster by about 50 lines lasting about 1 sec. 
Although it is known that the holding and catching performance 
of the present drum synchronization is not the best we have 
achieved, the magnitude of the effect observed is sufficient to 
indicate that it might be very difficult indeed to reduce it to an 
insignificant level. 

With regard to the query from Mr. Russell about the method 
of spot-wobble, there is a fairly detailed description in Section 2.5 
of the circuit paper, and it will be seen that in the demonstration 
apparatus one pair of coils was used. 

The suggestion of using a double deflection for spot-wobble 
(with coils before and after the line coils) is interesting and was 
at one time considered. However, very elaborate screening was 
necessary to avoid pick-up in the line coils as this causes the 
spot to perform most peculiar gyrations on its way along the 
stripes. Even with the present system, with one pair of coils 
before the line coils, some slight aberrations occur, no doubt 
because the electron beam does not pass through the centre 
of the line coils at every instant. As the positive-guidance type 
of tube offers a more attractive way of overcoming the tracking 
and spot-wobble modulation difficulties connected with the 
present dead-reckoning method of colour selection, the spot- 
wobble problem of the latter has not been pursued. 

Mr. R. N. Jackson (in reply): To Mr. Lord.—I do not, in 
general, consider that the specification of the transmitted signal 
should be changed to suit new developments in the display 
device unless these developments offer some really significant 
advantage which may be used. Whereas it may be desirable to 
change the standard if the result is to provide a signal which, 
when fully exploited, would be capable of giving better pictures, 
it is certainly not desirable to lower the potential system per- 
formance in order to satisfy a current technological situation 
which may in any case be only of a transitory nature. Applying 
this dictum to the present case of the sulphide colour phosphors, 
I would say that the restriction of colour gamut represents a 
degradation of the potential system performance and that it 
would be unwise to alter the system to suit. 


DISCUSSION ON 
‘TELEVISION BAND COMPRESSION BY CONTOUR INTERPOLATION’* 


Prof. M. P. Beddoes (Canada: communicated): Some points 
were made in Section 2 which are in error. 

It is stated that a limitation to the Cherry-Gouriet? slope- 
feedback coding method is instability in the feedback loop, 
which limits the maximum scanning velocity ratio to 3:1. 
Instability can be encountered as the velocity ratio is increased; 
but in our experiments with a variable-velocity magnetic scan- 
nerE in the feedback loop, scanning velocity ratios as high as 
20 : 1 were obtained. Higher ratios were not attempted because 
wastage in the circuit, produced by heavy damping, became 
excessive. 


MONOSCOPE 


de 
dt 


e(t) 


FEEDBACK 


ees 


TIME-BASE * 


V=Vo-K 


Fig. A.—Block diagram of slope-feedback coder. 


* A variable-velocity magnetic scanner was used in the experiments. 


Arising from the previous point, we might well ask, What is 
the main limitation to the Cherry-Gouriet coder? The answer 
has been given in a recent paper, where it is shown that the main 
limitation is that the coder does not remove all the high frequency 
components. Consequently, on passing the coded signal 
through a channel with reduced bandwidth such components 
are suppressed. Amplitude distortion of the received signal 
results, and this leads to spatial errors. The errors have been 
shown to be extremely noticeable and they cannot be compen- 
sated for. 

The work of Schroter>-# and that of Cherry-Gouriet were 
grouped together. This is misleading because Schroter’s method 
exploits picture-to-picture correlation, whereas the Cherry- 
Gouriet method exploits point-to-point correlation along a 
scanning line. The two methods are only similar in that they 
are both examples of linear prediction.! 

The main theme of the Gabor-Hill paper—the use of inter- 
polation to reduce the bandwidth so that existing methods for 
compressing along a line can be used too—seems to be very 


_* Gasor, D., and Hit, P. C. J.: Paper No. 3507 E, May, 1961 (see 108 B, pp. 303 
and 360). 


good: the principal disadvantage will be that a considerab 
amount of apparatus is required at the receiver. 

It is reported that Gouriet ‘proposed to measure the “pictu 
detail’? by the square of the rate of amplitude change’. Th 
should read, ‘. . . the modulus of the rate of amplitude chang 

Prof. D. Gabor and Dr. P. C. J. Hill (in reply): Prof. Beddoe: 
own work, to which he refers, was carried out in this departme 
under the supervision of Prof. E. C. Cherry, and we are in 
position to correct his statements on the basis of informati: 
kindly supplied by Prof. Cherry. 

Prof. Beddoes may be unaware that Prof. Cherry and ! 
colleagues have continued research work into television cot 
pression, operating at the full scanning rate and picture quali 
according to the British standards. Prof. Cherry confirms th 
a velocity ratio of 3 : 1 is about the practical limit; ratios great 
than this lead to instability. The ratio of 20:1, to whi 
Prof. Beddoes refers, may relate to his own earlier wor 
his paperF deals with his own low-speed system (100 lia 
20 frames/sec). The conditions pertaining to a full-spe 
system are much more stringent. 

Again, Prof. Beddoes states that a spatial distortion of t 
picture is inherent in the Cherry—Gouriet system. It is not: 
appears only if the receiver-spot-position control signai 
derived from the spot-velocity signal by integration, but it dc 
not appear if a separate ‘position signal’ is transmitted. 

Prof. Beddoes states that the main limitation to the Cher? 
Gouriet system is that it does not remove all the high-frequen 
components. In more recent work (yet unpublished) Pr 
Cherry and his colleagues use systems of detail detection whi 
discriminate against noise and enable the high-frequer 
components of the signal to be included in the coding process 

The work of Schroter and that of Cherry—Gouriet are inde 
related, inasmuch as both use non-uniform scanning velocitie 
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THE PREDICTION OF AERIAL RADIATION PATTERNS FROM NEAR-FIELD 
MEASUREMENTS 


By JOHN BROWN, D.Sc.(Eng.), Associate Member, and E. V. JULL, B.Sc., Ph.D. 
(The paper was first received 8th March, and in revised form 1st May, 1961.) 


SUMMARY 

A new method is described of predicting an aerial radiation pattern 
9m. near-field measurements. The essence of this method is the 
pansion of the radiated field in terms of a series of radially expanding 
odes. The amplitude and phase of each mode are calculated by a 
yurier analysis of the measured near field, and the radiation pattern 
obtained as a Fourier series containing these measured amplitudes 
id phases. The theory is described in detail for a cylindrical 
dimensional) aerial, and experimental results are presented to 
nfirm the validity of this theory. The way in which the method 
ay be extended to 3-dimensional aerials is explained. The method 
is the advantage that it can be applied anywhere in the near field. 


LIST OF SYMBOLS 


A = Free-space wavelength. 
B = Free-space phase-change coefficient (=277/)). 
a = Radius of cylinder containing aerial = half the 
length of the aerial aperture. 
6 = Radius of cylinder on which measurements are 
made. 
r, 0, z = Cylindrical co-ordinates. 
H® (x) = Hankel function of order m and argument x. 
a,, = Complex amplitude of mth radial mode. 
c,(b) = Response constants (see Section 3.2). 
by, = 2anc,(). 
s =sin ¢. 
(s) or F,($) = Radiation pattern of receiving aerial. 
P(@) = Measured pattern using a receiving aerial 
moving round the cylinder of radius b. 
E, = z-component of electric field. 
p = Radius of cylinder, used in the analysis of 
Section 8. 
me, y’, &, ” = Co-ordinates used in Section 8 and defined by 
Fig. 8. 
B, = Half-power beam width of the receiving aerial. 


(1) INTRODUCTION 


Accurate measurements of the radiation pattern of an aerial 
nm be obtained only at distances of the order of the Rayleigh 
nge or greater.! For an aerial with an aperture of maximum 
mension 2a the Rayleigh range can be taken as 4a?/A, where A 
the operating wavelength, and for large antennae it becomes 
) large that the provision of a suitable test site is a major 
‘oblem. Attempts have been made to overcome this problem 
7 developing computational techniques by which patterns 
easured in the near field, i.e. at distances less than the Rayleigh 
nge, may be corrected to give the far-field pattern. These 
ethods have so far relied on the use of asymptotic expansions 
r the radiated field: the first term of the expansion is the far- 
id pattern, and the remaining terms give the difference between 
e far-field and near-field patterns.*»? These difference terms 
volve derivatives of the field patterns, and this leads to difii- 
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culties in achieving sufficient accuracy in measuring the near-field 
pattern. An alternative procedure is to measure the field distri- 
bution in the aperture of the aerial and to use the Fourier 
transform relation between the aperture distribution and the 
radiation pattern. This method also has limitations, which 
become more pronounced if the antenna is designed for low 
side-lobe levels; these limitations are discussed in Section 5. 

The proposals discussed in the present paper are based on 
an alternative approach in which the radiated field is expressed 
asasum of modes. The discussion is restricted to 2-dimensional 
problems, but the method can be extended to three dimensions 
as explained in Section 5. The modes used are the radially 
expanding fields which would arise in a radial transmission line, 
and the essential feature of the method is that the amplitudes 
and phases of these modes are deduced from measurements at 
any convenient distance from the antenna. These amplitudes 
and phases specify the radiated field completely and can therefore 
be used to calculate the far-field radiation pattern. In principle, 
there is no restriction on the distance at which the measurements 
can be made, and a feature of the method is that there is no 
distinction between what are usually regarded as near-field 
measurements and the measurement of the aperture distribution. 
Previous methods for correcting near-field patterns to give true 
radiation patterns have been restricted, by the approximations 
used, to the use of measurements made at appreciable distances 
from the aerial. 


(2) EXPANSION OF THE RADIATED FIELD IN TERMS OF 
MODES 

We suppose that the aerial and its associated feed lie entirely 
within a cylinder of radius a, and that the polarization is such 
that it gives E, as the only component of electric field. 
Cylindrical polar co-ordinates r, 0, z are used. Outside r =a 
there are no sources of radiation, and a general solution of 
Maxwell’s equations satisfying the radiation condition at 
infinity is 

fee) 
Er, 8) = a, (Br)exp Gnf). . . . WD 
n=—© 
Since we are concerned with a two-dimensional problem, there 
is no dependence on the co-ordinate z. The time-dependent 
factor exp (jw?) is suppressed. 

The origin of the co-ordinate system is obviously the centre of 
the cylinder r = a and lies within the region occupied by the 
aerial. The only restriction on this cylinder is that it should 
contain the aerial, and so the position of the origin with respect 
to the aerial is not specified precisely. The effect of this on the 
results is considered below. 

The radiation pattern of the aerial is the variation of the 
magnitude of E, with direction @ in the limit as r tends to 
infinity. The leading term of the asymptotic expansion of the 
Hankel function is 


ee: (3,)"e {_ | pee @ 
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so that, for very large values of r, 


dee an Nesp E (Br - 7) 25 MO (ind +a) 


(4) 
The radiation pattern can thus be expressed as 
ae 7 
F(6) = 3 a, exp in(8 a ) ign PES) 
n=—0o 


The function F(@) is complex and gives phase as well as ampli- 
tude information. In practice, the radiation pattern is usually 
only quoted in amplitude, so that |F(@)| will suffice. 

The effect of the choice of the origin of co-ordinates can be 
determined very simply in the limiting case of large values of r. 
Suppose that a change is made from O to O’ as in Fig. 1, and 


P 


Fig. 1.—Effect of a change in the origin of the cylindrical co-ordinate 
system. 


that the co-ordinates measured from O’ are r’, 6’. The new 
origin, O’, will be in the region occupied by the aerial, so that 
the separation, OO’, cannot exceed a. From the geometry of 
the diagram we have 


r =[r? +c? —2recos6— A)]'27 . . . © 
where c is the distance OO’, and 
sn@ sin@’  csing 


7 a , ° . ° ° (7) 


r r rr 


if the axes OA and O’A’ are assumed parallel. 
As we are concerned with the limit as r tends to infinity, 
we have 


r’~r—ccos@—@¢)+00/r) . . . (8) 
Be 0 SOIT he oes, 9 Shands Hi 9} 


Inserting these results in eqn. (4), and neglecting terms which 
are of the order of 1/r, we have 


2 1/2 
be 0) = () exp BG 
+ Becos (0’ — ¢) — 5 | a in exp (ind + ina) 
(10) 


so that the radiation pattern in the new co-ordinate system is 


F’(0) = exp [—jBc cos (6 — 4)] y a, Xp (ind + jn5) (11) 


n=—-0 
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6 and 0’ being equal to the order considered. Hence, 
F’(0) = exp [—jBc cos(0 — @) FO)  . . 


and the radiation patterns differ only in phase. In practice. 
phase is not considered, the patterns are identical, and { 
confirms that the choice of the centre of the bounding cylinc 
r = a, is unimportant. 


(3) DETERMINATION OF THE MODE AMPLITUDES 


(3.1) Field Measurements 


Suppose that the electric field is measured in amplitude < 
phase for points lying on the cylinder r = b. Then 


E,(b, 0) = x a,H@(Bb) exp (jn®) «wf 


where E,(b, 8) gives the amplitude and phase as deduced fr 
the measurements. Egn. (13) can be regarded as a Fou 
series and the unknown amplitudes, a,, are therefore given by 


21 
a,H2 (Bb) = =| E Ab, 9) exp (—jn0)dd. . & 
0 


The Hankel function on the left-hand side of eqn. (14) caz 
obtained from tables or calculated, and so each amplitude 
obtained in terms of known or measured quantities. 1 
calculated amplitudes can be inserted in eqn. (5) to give 3 
far-field radiation pattern. 

Measurements of the electric field can be made, using 
suitable probe. 


(3.2) Measurements using a Receiving Aerial 


In practical antenna measurements a probe is seldom us 
as it gives inadequate sensitivity; instead, a suitable antenna 
employed, aligned with its direction of maximum recepti 
towards the antenna under test. It has been predicted np 
viously* that the results so obtained are dependent on the s 
of this receiving aerial if measurements are made in the n 
field, and experiments have confirmed these predictions.» 17 
present method is well suited for making allowances for th 
effects. The response of the receiving aerial to each of © 
radial modes depends on its radiation pattern and on the distas 
from the origin at which the measurements are made. If - 
aerial is allowed to move round the circle of radius b wh 
illuminated by the nth mode, 


E,(r, 0) = H@(Pr) exp Gn)  . . . 
the output from the aerial is 
8,0) = c,(b)exp(jnf) . . .. . & 


The most significant feature of this result is that the angui 
variation, exp (jn@), is identical with that of the incident fic 
given by eqn. (15). This result, which materially simplifies 

later analysis, can be predicted from the facts that, on the citi 
r = b, the only variation of the incident field is in phase, <: 
this phase variation is linear with the angle. The respo: 
constant, c,(b), can be calculated by a modification to an analy 
previously used to verify the reciprocity theorem,® and det 
of the calculation are given in Section 8. This calculat 
confirms the form of eqn. (16) and gives the following express: 
for c,(b): 


ds 


cx) = "| Fy) exp (ib eos $ + nf) A ¢ 


RADIATION PATTERNS FROM NEAR-FIELD MEASUREMENTS 637 


here ¢ = sin-!(s) and F(s) is a function defined by the 
diation pattern of the receiving aerial. 

If the incident field has the form of the expansion given in 
mn. (13), then an application of the superposition theorem shows 
at the output of the receiving aerial will be 


P(6) = Anea(b) exp (inf)... (8) 


e therefore have 
1 Dive: 
Aney(0) = 5 J P(6) exp (—jn0)d0 =. =. (19) 


ving the amplitudes, a,, in terms of the measured pattern, 
9), and the response constants, c,(b). 

A convenient method of calculating the constants c,(b) is 
scussed in Sections 8.2 and 8.3, where it is shown that a suitable 
proximation to the pattern F,(s) leads to an expression for 
5) in terms of a Hankel function. An asymptotic series is 
ed to obtain numerical values of the Hankel function. 


(3.3) The Application of the Method 


The measurements required for an application of the method 
scribed in the previous Sections can be obtained by straight- 
rward techniques. The only difference from a conventional 
ttern measurement is that the phase must be measured as well 
the amplitude. It should be noted that this is essential in 
y procedure designed to give far-field patterns from near-field 
sasurements. Numerical methods for evaluating Fourier 
ies from the experimental observations are well-established 
other fields’ and can be applied directly. The number of 
Ms required in the Fourier expansion can be estimated from 
> dimensions of the aerial. Chu® has considered in detail the 
ses Of pattern that can be obtained from an aerial of given 
e and has shown that, unless the modes in the expansion are 
lited to values of n less than or equal to Ba, the aerial will 
ow the disadvantages of supergain. The dimension a is the 
jius of the smallest cylinder which completely surrounds the 
rial. 
Supergain aerials are subject to serious ohmic losses in the 
rial structure, and their radiation properties are very sensitive 
frequency. In practice, therefore, supergain aerials are 
dom used, and we may safely conclude that the expansion 
the radiated field for any practical aerial will not contain 
nificant terms in the Fourier expansion for n greater than fa. 
similar result, specifically proved for aperture aerials, has 
en given by Woodward and Lawson.? We therefore seek an 
pansion involving the (28a + 1) terms running from —fa 
+-Ba, and as the amplitude of each term is complex, 2(2Ba + 1) 
ii numbers are required. At each observation point two 
antities, amplitude and phase, are measured, and so the mini- 
im number of observation points is (2Ba+1). These should 
distributed at equal intervals in the angular range 0-27. The 
liation from a directive aerial is usually restricted to a finite 
ige of angles so that in practice the number of observations 
y be much less than (28a + 1). 
A better indication of the number required is given by con- 
ering the probable beam width of the aerial. For a constant- 
plitude constant-phase distribution, the angular separation 
tween the first two zeros is 2 sin~! (A/I), where / is the length 
the aperture. If / is much larger than A, this separation is 
fIrad. Such an aerial could be contained within a-radius of 
, So that (BJ + 1) observation points uniformly spaced should 
fice. This gives an angular interval between points of 
proximately 27/81, ie. A/l. We thus have the rather sur- 
sing result that the radiation pattern of the average aerial 


can in principle be specified completely by making measurements 
at angular intervals approximately equal to the half-power beam 
width. This result is a corollary to that of Woodward and 
Lawson, who showed that an aerial of aperture length / can be 
used to give specified amplitude of radiation at points separated 
by the order of A// in angle. 

The calculations require a knowledge of Hankel functions of 
various orders and argument Bb. These functions are only 
tabulated for the first few orders, and in the numerical work 
involved in the present investigation an approximation given in 
Section 8.2 was used. This is sufficiently accurate for the pur- 
pose provided that the argument fb is appreciably larger than 
the order. We have seen above that the largest order we need 
consider is Ba, and so the approximation can be used provided 
that the distance b at which the measurements are made is 
appreciably greater than a. The only situation in which the 
use of the asymptotic series would present difficulties is that in 
which the measurements are made in close proximity to the aerial. 


(4) EXPERIMENTAL RESULTS 


The experimental work described here was undertaken to con- 
firm as far as possible the validity of the method described in the 
previous Section. The conditions under which the measure- 
ments were made did not allow accurate measurements of the 
far-field radiation patterns, and the procedure used was to 
compare the predictions of the far-field patterns obtained from 
two sets of measurements using receiving aerials of different 
sizes. The agreement obtained between these predicted results 
is considered to be within the limits of experimental error. 


(4.1) Apparatus 


The measurements were made with a parallel-plate spectro- 
meter which has been fully described previously.!° It consists 
of two parallel circular plates separated by absorbing wedges 
round the circumference to maintain a spacing of qin. The 
general arrangement used is shown in Fig. 2. The aerial whose 
pattern is to be measured is placed at the centre of the spectro- 
meter and the receiving aerial is free to move round the circum- 
ference. A reference signal is taken from the oscillator and 
combined with the output from the receiving aerial to enable 
measurements of amplitude and phase to be taken. The impor- 
tant parameters of the system are 


Free-space wavelength (A) 1-085 cm 
Aperture of aerial under test (2a) : 12-7 cm =11-7A 
Distance of receiving aerial (b) : 54-1 cm = 49-9A 
Aperture of receiving aerial: (@) : 1-06cm= 0-98A 

(ia) net 23 crt — ese 
(i) RIO vicm— a ilierica 


We can see from these figures that the Rayleigh distance, 4a?/A, 
is 149cm, and that the measurements are being made at 
approximately one-third of this distance. 


(4.2) Results 


The power patterns, as measured by the three receiving aerials, 
are shown in Fig. 3. These clearly demonstrate the effect on 
the side-lobe levels of changes in the size of the receiving aerial, 
and confirm that this size must be taken into account in any 
method of correction to obtain far-field patterns. Phase 
measurements were made with the 0-98A and 11-7A receiving 
aerials and show even more pronounced differences (Fig. 4). 
These measurements are used to express the measured patterns 
in the form (Section 3) 


P(6) = ¥ a,c,(b) exp (nf)...  «Q20) 
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Fig. 2.—General arrangement for pattern measurements. 
S2= V2 + VZ+2VsVRoos 
D2 = Vi + V2 — 2VgVReos 
Vg and Vp are the signal and reference levels shown. 


The patterns were considered sufficiently symmetrical with 
respect to 0 = 0 for the series to be expressed in terms of cosine 
terms; this is equivalent to the assumption that a, = a_,. The 
result, c,(b) = c_,(b), is evident from eqn. (17), provided that 


the receiving aerial is symmetrical about its axis. Hence, we 
write 
P(O) = agceg(b) + 2 & ancn(b) cos (n8) 
n 
= 4b) + > b, cos (nf) . (21) 


The amplitude and phase measurements give the real and 
imaginary parts of P(@), and a numerical Fourier analysis is 
carried out on each part to obtain each constant 5, in the form 
|b,| 7 Pn The values of these constants are shown in Table 1. 


From the discussion in Section 3.3, we expect the number of 
significant amplitudes to be Ba, i.e. 7 x 11-7 or 37. This is 
in good agreement with the results given in the Table, where 
the amplitudes of the various coefficients drop quite markedly 
as n reaches values around 40. 

The amplitudes, a,, of the mode expansion can be extracted 
from the measured results provided that the response constants, 
c,(6), are known. These have been calculated from a suitable 
approximation to the integral in eqn. (18), which is derived in 
Section 8.2, Numerical values, normalized with respect to co(b) 
as only relative results are required, are also tabulated in Table 1. 
The values of a, are also shown, and a graphical comparison 
of the results obtained from the two sets of measurements is 
given by Fig. 5. The theory of the method predicts that these 
two sets should be identical. Reasonable agreement is obtained 
for the amplitude terms, but the phases diverge for n > 30. 

The consistency of the two sets is limited by the accuracy of 
the measurements, and with the apparatus used this was not very 
high, particularly in regard to the phase values. Further, the 
properties of the receiving aerials used in predicting the response 
constants were estimated from the aperture sizes, and further 
errors may have been introduced here. The measured patterns 
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Fig. 3.—Power patterns as measured at a radius of 49-9A using ¢ 
different receiving aerials. 


Aperture of transmitting aerial ; 11-7 
Aperture of receiving aerials: 


OQ— —O— —O: 0:98 
Xx—+—-xX—-—x 3-92 
e e @:11-7A 


were taken to be zero for angles outside the range —30°—-+. 
as the levels were too small to measure. In view of the ur 
tainties, the agreement between the two sets of results is rega: 
as confirming the theoretical analysis and as showing that: 
method is a useful technique for the correction of near- 
measurements. 

One interesting feature emerges from Fig. 5(b): the p 
values are approximately constant up to m = 30, where 
divergence in the two sets of values shows that the accu 
has deteriorated. If the centre about which the measurer 
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Table 1 


COMPARISON OF RESULTS OBTAINED USING Two RECEIVING AERIALS 


Results using receiving aerial of 11-7 aperture 


Results using receiving acrial of 0-98) aperture 


Cn(b) 
€o(b) 


en(b) 


Co(b) L Pn 


1-000 
0-999 
0-997 
0-992 
0-988 
0-981 
0-972 
0-962 
0-951 
0-939 
0-925 
0-909 
0-893 
0-876 
0°858 
0-839 
0-819 
0-798 
0-777 
0-754 
0-731 
0-709 
0-685 
0-661 
0-638 
0-614 
0-590 | —37- 
0-566 
0-542 
0-519 
0-496 
0-472 
0-449 
0-427 
0-405 
0°334 
0-357 
0-343 
0-323 
0-304 
0-287 
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is co(d) 
2an = bn 
bt _ en(b) _ | en(b) Piri Ag 
bn = |bn| / on} eo(6) = e(b) Bn; an = lanl VA Vn 


All angles are expressed in degrees. 


2 made corresponds to the phase centre of the aerial, then the 
jiation pattern will be a real function and all the constants, 
will be real. This is consistent with a constant phase for 
ch term, as this constant phase can be absorbed in a factor 
iltiplying the whole expression. The consistency of the phases 
a,, therefore, is an additional argument supporting the validity 
the method. 


(5) DISCUSSION 
The method described in this paper is similar in many respects 
the plane-wave-spectrum approach introduced by Booker and 
emmow.!! In each case, the complete radiation field is 
duced from the values of either the tangential electric field 
the tangential magnetic field on a single surface. The 
joker-Clemmow method uses a plane surface and leads to 


expressions for the total field in the form of Fourier integrals, 
whereas in this paper the surface is a cylinder and the total 
field is found as a Fourier series. The Booker-Clemmow 
method is invaluable for theoretical work and is used in Section 8 
to derive certain of the results required for the present method, 
but it is less suited to the interpretation of experimental results. 
There are two reasons for this: first, the surface required is a 
plane of infinite extent, and it is impossible to measure the 
fields everywhere on this plane. Practical investigations must 
be restricted to a finite region of the selected plane, and this 
leads to uncertainties as to the effect of the remainder of the 
plane over which measurements are not made. The cylinder is 
a closed surface, so this difficulty does not arise if the present 
approach is used (the fields are assumed to be independent of 
the co-ordinate in the axial direction). Second, the application 


639 


Wetec 


640 


10 irs 20 


r 
BS 
(69) 
fo) 


=o ——— = 


SO 
PHASE ANGLE, X DEG 
+ 
0) 

I 
je) 


+360 


ae = 


i 
, +450 


Fig. 4.—Measured phase patterns. 


--O--O--O: 0:98) receiving aerial. 
—e—e—e—: 11-7A receiving aerial. 


of the Fourier integral to fields measured on a plane surface 
can provide the radiation pattern in only one hemisphere. 
The present method gives the complete radiation pattern, and 
this may be required, for example, if the aerial is designed 
specifically to have low values of radiation in the backward 
directions. Also, there is no difficulty involved in using the 
present method with aerials giving coverage in all directions, 
whereas the Booker-Clemmow method is not suitable in such 
cases. 

The theory developed in this paper makes no assumptions 
regarding the nature of the aerial other than that regarding the 
2-dimensional nature of the radiation pattern. The extension 
to the more important practical case of 3-dimensional aerials is 
discussed below. Although the experimental work was carried 
out on a microwave aerial, this is not intended to imply that 
the method is restricted to this part of the frequency spectrum. 
There is no obvious reason why the method should not be 
equally applicable to any type of aerial. The choice of aerial 
for the experimental work was made to enable the measurements 
to be carried out in a laboratory rather than out of doors and 
because suitable apparatus was available. 

The major obstacle in using the technique described here is 
the computational effort required. This could be materially 
reduced if a standard site were used and measurements were 
made at a fixed distance with one receiving aerial. The response 
constants, c,(b), would then be fixed and need be calculated 
only once. Alternatively, they could be deduced from measure- 
ments on aerials with known patterns. The Fourier analysis 
could be carried out on a digital computer. The calculations 
involved in the present work were made using a desk calculator, 
but this would not be feasible if large numbers of terms were 
required in the Fourier series. 

It was pointed out in Section 1 that there is no distinction, 
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Fig. 5.—Fourier coefficients of the radiation patterns. 


(a) Amplitudes, 2|ap|. 
(6) Phases, Up. 


@ Derived from measurements on the aerial with 11-7 aperture. 
x Derived from measurements on the aerial with 0-98 aperture. 


as far as the present method is concerned, between near-fic 
measurements and measurements of the aperture field distrit 
tion. This is true in principle, but a practical difference ari: 
as it is not possible to evaluate the Hankel functions requir 
if measurements are made close to the cylinder r = a from # 
approximations used here. This difficulty could be overco: 
by tabulating these functions from the convergent series or fre 
the recurrence relations. 

The calculations given here apply only to cylindrical proble 
involving fields with an axial component of electric field. If 
obvious that identical results would apply if the magnetic fi 
were in the axial direction. An extension to 3-dimensioi 
problems is possible in principle; the mode expansion would 
in terms of spherical harmonics, and measurements made on ‘ 
surface of a sphere would be used to give a double Four 
expansion. The amplitudes of this expansion could be c 
rected by the same type of argument as used in the pres 
paper. In practice many large aerials have a narrow horizon 
and a much wider vertical pattern. An alternative procedi 
would then be to make measurements at a distance such that 
vertical pattern was fully developed and to treat the horizor 
pattern by the method described in this paper. 


| 
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(8) APPENDICES 


(8.1) Calculation of the Response Constants 


We wish to determine the output from a receiving aerial which 
illuminated by an incident field 


E,(r, 0) = H@(Br)exp (jn) . . . (22) 


le receiving aerial is moved round the circle r = b, and the 
tput is to be expressed as a function of position on this circle. 
all positions, the aerial is oriented so that its direction of 
ximum reception is directed towards the origin, a typical 
sition, shown in Fig. 6, being specified by the angle @. The 
perties of the aerial are completely specified by its radiation 
ttern, which can be used to determine the fields outside the 
tial if it is supplied with power from a matched generator. 
e Lorentz reciprocity theorem is applied to the two sets of 
ids: 


(a) Those existing when the aerial is illuminated by the field 
lefined by eqn. (22). , ’ 

b) Those existing when the aerial is used as a transmitter, and is 
soupled by the feeder shown in Fig. 6 to a matched generator. 


VoL. 108, Part B. 
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FEEDER CONNECTED 
TO RECEIVING AERIAL 


39 = 


Ss 


Fig. 6.—Geometry of the situation discussed in Section 8.1. 


Since we are concerned with a 2-dimensional prablem in 
which E, is the only non-vanishing electric field component, we 
can write all fields in the form 


ESE TS O60 ae) 
jou = 41>. (grad)... --.9 abe) 


where E, is a scalar function of the variables r, 0 (or any equivalent 
co-ordinates we may find convenient), and 7, is a unit vector in 
the z-direction. 

We will now detail the fields in the two conditions mentioned 
above: 


(a) Incident Radial Mode.—We have in this case 


(i) The incident field: Ej = Hr) exp (jn8). We note that 
Ej, = O(r-1/2) as r > ©. 

(ii) A field reradiated by the receiving aerial. This will be 
denoted £,;r, and the only property which we require is that 
Ezir = O(r-1/2) as r > 00.7 

(iii) A wave in the feeder consisting of a single mode travelling 
from the aerial towards the termination which is assumed to be 
matched. Positions in the feeder will be denoted by the co-ordinates 
€, 7 shown in Fig. 6, and it follows from the behaviour of waveguide 
and transmission-line modes that this field must be of the form 


Ezrec = Ap(é) exp(—JjBmy). - . + + (25) 
where A is a complex amplitude constant, p (6) is a real function 
giving the transverse field distribution of the mode and is related to 
the power flow in the guide, and #,, is the phase constant of the 
mode. 

This completes the specification of the field (a) as far as it is 
needed for the present problem. 


(b) Aerial used as a Transmitter.—We have 
(i) A single mode travelling from the generator to the aerial. 


For this mode 
Ext = p(Sexp (iBmn) . - «+ + (26) 


(ii) A radiated field, Ez,. This is most easily defined in terms of a 
plane-wave spectrum referred to the co-ordinates x’, y’ shown in 
Fig. 6, i.e. 


2 d. 
Ex = | Frdexp (— pv -\+ YD OD 


The function F,(s) can be interpreted as the radiation pattern 
of the aerial when s is equal to sin ¢, ¢ being measured from 


the x’ axis. 
25 
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Further, if 5 is finite, E,,—> 0 as r— oo. More precisely, we 
have E,,. = 0(r—'/?) as r—> 00. 
The Lorentz theorem states that 


[ aX Hy — Eyx H,).ndS=0. . . (28) 
Ss 


where (E,, H,) and (E,, H,) are two solutions of Maxwell’s 
equations satisfying all the boundary conditions. S is a closed 
surface and n is a unit normal directed outwards from S. These 
two solutions will be taken as those discussed under (a) and 
(b) above. The fields can be written in the form given by 
eqns. (23) and (24), so that eqn. (28) becomes 


| [ea at, X (i, X grad E,,) — E,,i, XG, x grad E, az)|.ndS=0 (29) 
and this simplifies to 


[ Gerad E, — Ey, grad E,,).ndS=0. . (30) 


as each of the gradient terms is a vector which is perpendicular 
tone 

The surface S will be chosen to be a cylinder with its axis 
parallel to the z-axis so that m is also perpendicular to i,. We 
thus have 


[ EaS = Hen Z)dS=0 . . . GI 


where 0£,/0n is the derivative of E, with respect to the outward 
normal to S. 

S is now specified as shown in Fig. 6, and simple physical 
arguments show that the only possible contributions to the 
integral arise from 


S1: A cylinder of radius R centred on 0. 
S2 : A cylinder of radius p centred on 0. 
S3 : The cross-section, 7 = 0, in the feeder. 


Further, as both E,, and E,, tend to 0(7—1/?) as r—> oo and as 
differentiation with respect to is equal to differentiation with 
respect to r on S;, we see that the contribution from S$; also 
vanishes. 

The integration over S, is included to remove the singularity 
in E, whichexists as r—>0. Inserting the appropriate expressions 
for £,, and E,,, we have for this contribution 


mle 


le + Ba) (— 28) (= Ss pad 


e 


(32) 


In this integral, both E,;, and E,, remain finite as r—>0, and a 
non-vanishing contribution can therefore arise only from those 
terms involving E,;. Hence 


v- [le 


In order to evaluate this integral we must express E,, as afunction 
of r,@. From the geometry of Fig. 6, we have 


dE, 
ee Ey) = pao. G8) 


RS Fes (6 0) 8 PI HBA) 
y = = Psin = 05) 2 ©. Dee!) 


Hence, substitution in eqn. (26) gives 


eae F (5) exp{ —jBb/(1 — 8?) 
+ jBrb/ — s?) cos (@ — 4) : 
+ ssin(@ — 4)] ee (: 


Now s = sin ¢, and /(1 — s*) = cos ¢. Therefore 


E,, = fF) exp [— jovi = #%) 


ds 
+ jBr cos (8 — @ — NGA ( 
and 
= 
— ¢) exp [—jBby/(1 — s”) 
d. 
+ JBreos (6 — % — Te = 
Substitute these expressions in eqn. (33). 
T= | {ine | cos (0 — 0) — 4)F,(s) exp [—j8b\/( — 
+ jBr cos (0 — 8 a 
iPr cos (@ — Oo PITG tat 
— PHY? (Gr) | F,(s) exp [—jBb1/(1 — s?) 


+ jBr cos (9 — 95 Doge a} exp (jn0)pd0 ¢ 
r=p 


Reverse the order of the integrations. 


foe) 


n= P| ees exp (—jBb/(1 — °) 


| unee cos (0 — % = 


— H®’(Bp)] exp [jn9 + jBp cos (0 — 0) — )|dOds . 
Now, by the integral definition of the Bessel function 


| exp [in? + jBp cos (0 — 0) — 4)]db 
= | exp [Jn(O + 05 + $) + JBp cos O]a8 
= 2n(j)" exp [in + PJ,Bp) | 
Also 
| 0s (8 — 0 — $) exp [jn® + jBp cos (6 — A) — ¢)]d0 


= J cos O exp [jn(O + A) + 6) + jBp cos 6]d0 


= —j X 2n(j)" exp [jn@y + $)]I,Bp) 
and hence 


n= mcrte | fs oP] —jBby/(1 — s?)] 


[H'Bp)Iu(Bp) — H,2"(Bp)I,(Bp)] exp [nO + #)]ds 


RADIATION PATTERNS FROM NEAR-FIELD MEASUREMENTS 


Hy (Bp)In(Bp) — H.(Bp)I,(8p) = fie era 
that 


1s = 48 | EO xp [poy — 2) 
—% + jnd |ds exp (jn8) (45) 


ally, we consider the integration over 3 


a’ > 
q al {4o exp (— JB) 5 [P) exp UB] 


r 
— p(€) exp Bn) [4p Co) exp (— iP} _ dé 


n= 


=-—A J (Bmp) + 7 Bmp) |d € 


M2 pd PH 
0 


ere a’ is the width of the feeder. 
= 

Bn | p*(6)dé is a constant determined by the power input 
0 


en the aerial transmits. Since we are not concerned with 
olute values, this constant can be taken as unity. 

Sollecting the results of the integrations and substituting into 
1. (27), we have 

j T> _ T. 3 = 0 


|= 4(jy" exp (jnB,) | F,(s) exp (—j8b cos $ + ind) 8 — 
ree /(1 — s?) 
(47) 


this equation gives the complex amplitude, A, of the signal 
the aerial feeder, and it can be written in the form 


A = ¢,(b) exp (jn) een 03) 


se we need no longer preserve the suffix on the angles, 
‘ther, we are interested only in the way in which c,(b) depends 
n for a given aerial, and we can drop any constant factor 
is is equivalent to a change in the power flow considered for 
field b]. Hence 


2 3 : ds 
Bc,(5) = in| F,(s) exp (—jBb cos @ + ey ae (49) 
constant, 4, being dropped as we are interested only in 
itive values. 


(8.2) Some Special Cases of the Response Constants 


.1) Omnidirectional Receiving Aerial. 

“he general expression for c,(b) in eqn. (49) is difficult to 
luate exactly, and we consider some special cases chosen to 
respond to those likely to arise in practice. We first 
mine an omnidirectional receiving aerial as this should give 
its identical with the field measurements discussed in Sec- 
1 3.1. For such an aerial F,(s) is a constant which may be 
en as unity, and so 


‘“ d 
os" | exp (— jBb cos 6 + in Tq — a (50) 


FP 
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Fig. 7.—Integration contour used in Section 8.2. 


The integration variable is changed to ¢, so that 


Cree | exp (Bb cos¢ +jnd)db . . (51) 


I’ being the contour shown in Fig. 7. The integral is the 
standard form for the Hankel function, i.e. 


C=C: Peto ewe?) 


The output from an omnidirectional aerial moved round the 
circle r = 5 is thus 


A = 7H? (Bb) exp (jn) . . . « (53) 


and is therefore directly proportional to the incident field, as 
expected. 


(8.2.2) Approximate Result for Directive Receiving Aerial. 


The response constant for a directive receiving aerial depends 
on the radiation pattern, as shown by eqn. (49). As we are 
concerned with relatively large values of Bb, it is clear from the 
form of eqn. (49) that the only significant contributions to the 
integral will arise from values of ¢ near zero, i.e. from plane 
waves which are incident from directions close to the maximum 
of the receiving pattern. It will therefore suffice to use for the 
pattern F,(s) an approximation which is accurate for small 
values of s. The choice of a suitable approximation can be 
examined more conveniently if the integration variable in eqn. (49) 
is changed to ¢ so that 


CD) [Eo exp (—jBb cos @ + jnd)db . (54) 


where the integration contour, I’, is shown in Fig. 7. Wenow 
approximate to the receiving pattern by the function 


F,(¢) = exp[—K(1 —cos¢)] . . . (55) 


K being a constant, expressed in terms of the half-power beam 
width, B,, by the relation 


log. 2 
Peres GE] setts teu 2966) 


which ensures that 
F,(+4B,) = 1//()F,0) 
The pattern defined by eqn. (55) has only one single lobe, but 


it does represent the shape of the major parts of the main lobes 
of practical patterns quite closely, as shown by Fig. 8. 
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Fig. 8.—Comparison of the main lobes of radiation patterns. 


Approximate expression. 
— —-—-—  Constant-amplitude constant-phase. 


If the approximate pattern is used, we obtain 


c,(b) =j" | exp [— K —j(Bb + jK) cos $+ jn¢]d¢ (57) 
r 


and this can be expressed in terms of a Hankel function by 
using the integral representation given in eqn. (51). We thus 
have 


c,(b) = 7 exp (—K)H (Bb + jK) (58) 
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It may be noted that this result reduces to that given in eqn. ( 
when K is zero, i.e. when F,(¢) is independent of ¢. 

In applications of this method we will usually be concert 
with values of 8b much larger than the highest value of n occ 
ring in the mode expansion. Approximate expansions can tl 
be used for the Hankel function. The one which is most cc 
venient for the present purpose is 


2\1/2 ; nt 7 
nia = (2) ao[—i(e "8-3 


nt 
5p tan nt ( 


The terms which are omitted give negligible contributions 
the numerical cases examined here. Since we are concer? 
with the relative magnitudes of the constants c,(b), it is c 


venient to evaluate the ratio c,(b)/co(b). Hence, from eqns. ¢: 
and (59), 


c,(b) — H@(Bb + jK) 
cob) =H (Bb + jK) 


. =) Gal 
7 jnt jn — jn : 
= exp ( 5) oF, 24p3 ae .) ot See 


where p = Bb + jK. 
For the experimental results discussed in the paper we have 


b = 49-9; Bb = 314 
Actial 1 2 B, =» 5-952: ka, = 258 
Aerial 2 : B, = 74-35°: ky = 1-68 


The effect of the term K, is negligible except for a slight char 
in the amplitude of the terms with the highest values of n. 7 
calculations for the first aerial require the term n?/2p only, 1 
contributions from the term n*/24p? being negligible. The phs 
(n7/2) is dropped in the numerical work. 
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A THEORY OF RECEIVING AERIALS APPLIED TO THE RERADIATION OF AN 
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SUMMARY 


xperimental and theoretical reradiation polar diagrams are com- 
od for the H-plane of a rectangular pyramidal horn. A distinction 
jade between scattering, which is found to be due to the presence 
ligher modes, and reradiation, which is mainly responsible for the 
dow. _The distinction applies to receiving aerials in general, and 
leory is presented in which every receiving aerial is regarded as a 
ential perfect absorber. The imperfection in normal operation is 
lained by the extent to which the incident field fails to correspond 
he “complementary” field that perfect absorption would require. 


LIST OF SYMBOLS 


E, E’ = Electric field intensities, capable of co-existing. 
1, H’ = Magnetic field intensities, capable of co-existing. 
B = Phase-change coefficient. 
w = Angular frequency. 
a, b = Aperture widths. 
u = sin 6/X. 
A = Wavelength. 
6 = Azimuth angle from the outward normal to the 
; aperture. 
@’ — Azimuth angle from the inward normal to the 
aperture. 
D = Axial displacement. 
R= Radius of orbit (taken by measuring aerial). 
pt, € = Permeability and permittivity of free space. 
P = Total power. 
f= A fraction. 
: c, d = Vectors. 
7 = Intrinsic impedance of free space. 


ffixes O incident T transmitted 
r reradiated R_ received by single path 
s scattered R’ received after return path 


c complementary 


(1) INTRODUCTION 


‘ttention has been drawn to a lack of published information 
the reradiation of receiving aerials.!-* A principal require- 
it is that some idea should be gained of the polar distribution 
the reradiation. A few solutions of related diffraction 
blems exist for certain perfect shapes such as spheres, 
nders and semi-infinite planes. Among these the study of a 
le wave incident upon a pair of semi-infinite planes is most 
ely related to the reradiation of an electromagnetic horn.? 
the class of diffraction problems for which such exact solu- 
is exist does not yet appear to include shapes like a finite 
ge, which could be substituted for an actual pyramidal horn. 
proximate solutions are reported in Section 3 for the polar 
ribution of the reradiation from a particular horn. They 
developed from a procedure suggested by Pippard, Burrell 


ritten contributions on papers published without being read at meetings are 
od for consideration with a view to publication. 
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and Cromie,! whereby the reradiation diagram is synthesized 
from contributions due to the higher modes, which exist only in 
the wider parts of the horn, when it is receiving. 

Study of the horn problem induces more general thoughts on 
receiving aerials, which prompt the distinction of two parts in 
the reradiation. First there is the reradiation that would be 
inevitable even if the incident field were such as to give maximum 
absorption. This leads to conceptions of reversibility with 
electromagnetic radiation and of perfectly efficient comple- 
mentary pairs of aerials. Then, there is the further reradiation 
or scattering occasioned by an arbitrary incident field, which 
excites the unwanted modes. This leads to a principle of field 
comparison for predicting the absorption of a receiving aerial, 
whatever the nature of the incident field. Attempts to support 
these ideas mathematically with the aid of the Lorentz reciprocity 
theorem are set forth in the Appendix. Brown* > has given 
another development of that theorem for dealing with reception 
in a case where the incident field is not a uniform plane wave. 

In Section 4, some aspects of the experimental problem of 
determining a reradiation diagram are discussed. A phase- 
reversal method is proposed for the forward area and a wave- 
interference method for the rear. Experimental and theoretical 
reradiation diagrams are compared, and experimental evidence of 
higher modes within the horn is given. The work is confined to 
the principal A-plane of the horn. 

Although it is capable of extensions which could remove these 
restrictions, the theoretical discussion presupposes that opera- 
tion is at a single frequency, that aerials are terminated on 
matched loads by single-mode feeders, and that no media other 
than free space and perfect conductors are involved. 


(2) THE REVERSIBILITY OF ELECTROMAGNETIC RADIA- 
TION AND COMPLEMENTARY PAIRS OF AERIALS 

It is a consequence of the conjugate field theorem® that 
radiation may be regarded as a reversible process. If an ordi- 
nary aerial emits a certain outward travelling wave f(jkr — jwt), 
it is at least possible to imagine a structure capable of returning 
a complementary wave f(jkr +jwt) of equal strength, in 
response to which the original aerial is a perfect absorber. 

Therefore, let a complementary pair of aerials be defined as 
such that each absorbs all the radiation of the other. This 
implies that certain improbable and extensive structures are 

admitted to the class of aerials. For instance, one of many 

possible structures which are complementary to a dipole is a 
hollow conducting sphere with the dipole at its centre. The 
sphere requires an array of current elements with the correct 
strength and’ orientation in a layer a diese, a quarter- 
wavelength from its inner surface. 

Imagine the dipole to be replaced by a directional aerial and 
much of the outer sphere becomes redundant. But it is only at 
short ranges and optical frequencies that pairs of almost com- 
plementary radiators may be envisaged with both partners of 
identical or even similar shape. 
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(2.1) Absorption and Reradiation 


A receiving aerial is the source of a reradiated field E,, H, 
which combines with the incident field Ej, Hy to form the 
resultant £, H: 

E=E, +E, H=H,+ #, (1) 
This universally accepted definition of the reradiated field 
entails the paradoxical consequence that a perfect absorber 
must be considered to reradiate. Here, reradiation has the 
task of providing that destructive interference with the incident 
field without which there could be no absorption. The existence 
of the reradiated field, therefore, does not always necessitate the 
interpretation that power is lost from the system. In general, 
however, only part of the reradiated field is occupied in this way. 
The remainder is truly engaged in the process of scattering, often 
in a complex pattern arising from the excitation of higher modes 
of oscillation in the aerial. 

Excitation of a receiving aerial by its complementary partner 
represents an ideal state in which the reradiation is, as it were, 
entirely concerned with absorption. The incident field is what- 
ever remains when a receiving aerial is removed. Thus, in the 
example of the dipole and sphere, the unusual incident field left 
by removal of the dipole is a standing-wave system, such as 
occurs inside a resonant cavity. Reradiation from the dipole 
cancels the outward travelling components of the standing wave, 
leaving as resultant field only an inward travelling wave. 

When there is arbitrary excitation, the performance of the 
receiving aerial deteriorates in that unwanted modes increase 
the reradiation, but so long as there is some absorption, a 
complementary component may be extracted from both incident 
and reradiated fields. Let this component of the reradiated 
field be designated E,., H,,, and that of the incident field, 


reo? re? 


Ey,, Ho... The remaining components, designated E,,, H,, and 
E,,, Ho,, may be regarded as scattering components. 
E, = 1 ep Ai ES H, = H,. mie 6 4 (2) 
E — E). + Eo; yeh => Foc a Ah, . . . (3) 


Similar divisions of the reradiated field have been made. 
Brillouin’ suggests a ‘shadow field’ and a ‘scattered field’, where 
only the latter contributes to the scattered power loss and the 
scattering cross-section. Aharoni® distinguishes a ‘purely 
reflected field’, which is the field of currents in a short-circuited 
aerial, and a ‘reradiated field’, which is the field of currents 
having the same distribution as occurs in transmission. 

The components of E,, H,, proposed here are slightly different 
from both of these. A shadow field changes for different inci- 
dent waves, whereas the complementary component of the 
reradiated field retains the same configuration and is easily pre- 
dicted once for all. The currents responsible for the comple- 
mentary component have the same distribution as occurs in 
emission, except that all travelling waves are reversed. It 
follows that their polar diagram is the reflection in the origin of 
the familiar emission polar diagram. 

It should be mentioned that in resolving a given field into 
a complementary configuration and a remainder, there is an 
infinite choice of levels for the configuration. That level must 
be chosen which causes the complementary part to account for 
the power actually absorbed in the load of the receiving aerial. 

Regarding a pair of aerials as a transmission system, there 
is a sense in which both partners contribute to the scattering, 
for the transmitter may be said to scatter energy in the wrong 
direction in the first place; hence the interpretation of Ep,, Ho, 
as a scattering component of the incident field. In some 
instances, free from interference, the scattered power would be 
given unambiguously by integrating the scattering components of 
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the incident and reradiated fields, but it is preferable to comp 
powers in terms of the resultant field. Thus the scatte 
power might usefully be redefined as the actual power lost fr 
the system, namely the integral of the resultant Poynting vec 


[z x H.dS taken over a surface enclosing both transmi 
S 


and receiver. This point of view avoids the notorious diffic 
associated with the interpretation of scattered power 


[4 x H,.dS taken over a surface enclosing only the receir 
Ss 


The latter leads too easily to the mistaken conclusion tha 
receiving aerial at best can reach only 50% efficiency, with 
much power being reradiated as is absorbed. 


(2.2) A Principle of Field Fitting 


Taking the view that a complementary field is that whic 
receiving aerial most prefers, it follows that an approach 
complete absorption and minimum scattering requires a gon< 
between the field actually appearing at the aerial and the « 
plementary field. The comparison between the two fields 1 
not be made throughout space. It is sufficient to mak 
correlation over an aperture plane, or indeed any surface, wi 
encloses the receiving aerial. If the surface is chosen to coin 
with an equiphase surface of the complementary field, the 'a 
is indistinguishable from the transmission field of the aerial 
the surface. 

Subject to this and other conditions given in the Appen: 
it is possible to express the power transferred from one aeria 


E.E’ 
another as | 5 


Ss 

enclosing only one of them. £E is the resultant electric fielc 
the surface when one aerial transmits, and E’ is the field 
would be there if the other aerial were to transmit. 

This conception of absorption as being determined by 
correlation between a field that a receiving aerial demands | 
the field that is actually present is valuable when the rang 
short and when the incident field is not a uniform plane w 
It augments the idea of an effective area for absorption, w! 
would be difficult to apply in the absence of a uniform p 
incident wave. 


dS, where the integration is over a sur! 


(2.3) Reradiation of an Electromagnetic Horn 


The rectangular horn is a good aerial for illustrating: 
existence of higher modes during reception and for distingu 
ing between complementary and scattered components in: 
reradiated field. 

Let the taper of the horn be so slight that the field distr 
tions may be assumed to be sinusoidal and the equiphase surf 
plane, as in a rectangular waveguide. The horn is a continuz 
of such a waveguide operating in the dominant mode, so) 
the transmission and complementary fields over the aper 
plane have the Hp; mode configuration. In terms of co-ordir 
taken from the centre of the aperture plane Ox y as in Fig. 1 
aperture distribution is specified by 


E,, = E,,, cos (ar y]a) hd <a ee 
In reception let a uniform plane wave Eo, Ho be inci 
normally on the aperture. It may be resolved as follow\ 
the basis of the rectangular distribution that it presents w\ 
the aperture: 


Ey cos (a y/a) |y| < |4a| 


Loo = 


(0 ly| > |4a| 


TT 
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iy aa Coston) 


Tee nas 


Eo, = 5] 
: + Cr IIO iy < [30 ©) 
Eq Io] > bel | 


assumed that Ec is zero outside the aperture, following 
practice for dealing with the horn in transmission. It is also 
med that Ep, outside the aperture does not lead to scattering 


Fig. 1.—Rectangular horn and co-ordinate systems. 


a=b=20:3cm ad=7:70om 
3 c = 31:8cm e=2:54cm 
Aa = 9:8cm 


he exterior of the horn and its appendages. Experiments in 
ch is observed the effect on the reradiation pattern due to 
movement of reflecting objects behind the horn help to 
ify this for a pyramidal horn, but not for a sectoral horn. 
h approximations are tolerable if the aperture dimensions 
sed the wavelength by a factor of ten. 

ourier transforms of eqns. (5) and (6) lead to the reradiation 
uw diagram. 


cos (nz y/a) y < [kal 
The transform of F(y) = { \ 7 
re nis odd and u = = = ‘ is given by 
A a 
GW =[FO)CMmdy oe 


4nm7 sin (4n7) cos (7rau) 


= ewer £eY - 1,(9) 


(in)? — (crau)? 


4 sin Ana + mau) | 4+sin Gut — zau) 
(An7 + 7rau) (Anz — zrau) 


(10) 


ves for n = 3, 5, 7, 9 are illustrated in- Fig. 2. The inter- 
ation is that the major contribution of a higher mode to the 
diation pattern is at an angle from the normal which increases 
1 the mode number. It is noteworthy that where 7au = 47 
mmon zero occurs for all modes except n = 1. 

he complementary component of the reradiated field has a 
ir diagram which is the reflection in the origin of the trans- 
jion diagram, and in the z0y plane is given by 


Byam 98 (7rau’) 
Eye © (m + COSY 45 Gaye — Cran’? 


(11) 


re m= X,/A, and 0’ and wu’ refer to angles measured from 
a. For the particular horn specified in Fig. 1, 


cos (6:5 sin 6’) 


(2°47 — 42:3 sin? 6’) ee, 


E,, © (1 + cos 6’) 


O06 


O- 


—ta<y <ta for 


Fig. 2.—Fourier transforms of cos(nmy/a) 
SS), Woe 


The problem of finding the scattered component of the 
reradiated field is equivalent to that of a corner reflector excited 
by an aperture distribution of the form 


F() = 1 — “cos (yla) gies topes) 


A first approximation in the particular case is given by taking 
only the third-order mode, since higher modes than this exist 
in the evanescent form: 

cos (6:5 sin 8) 
22-1 — 42-3 sin? 6 


E,, & (1 + cos 6) (14) 


A second approximation may be made by a method of images,? 
in which an angular spectrum is synthesized from multiple 


. images of the aperture distribution of eqn. (13) Contributions 


from the higher-order modes are then included, but the modi- 
fication to the curve represented by eqn. (14) is small, mainly 
because the principal maxima in the Fourier transforms for 
modes other than the third lie outside the range of real angles, 
which ends at zau = 6-5 in this instance. These predictions 
of the reradiation pattern are compared with an experimental 
pattern in Figs. 3-6. Even an exact solution would be analysable 
into such a series of odd higher-order modes showing the same 
characteristic null at 13-8°. The null depends upon the absence 


Wy 
Wy, 


Wee 


Fig. 3.—Polar diagram of the complementary component in the 
reradiation. 


Arrow gives direction of incident wave. 
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Fig. 4.—Polar diagram of the scattered component in the 
reradiation. 


Third mode only. 
-— — -— Fifth and seventh components included. 


a 


0) 


Fig. 6.—Experimental reradiation polar diagram. 


of a reflection in the principal mode, and there can be no § 
reflection if the matching arrangement at the throat rem 
adjusted for unity standing-wave ratio when the hort 
transmitting. 


(3) EXPERIMENTAL METHODS 


(3.1) Reradiation in Rear Sector 


A simple method for recording the reradiation polar diag 
is to allow a third directional aerial to perform an orbit aro 
and directed toward the receiving aerial. This method mus 
replaced by others, however, for angles near 0° and 180°, w. 
0° represents the line joining receiver and transmitter. 

In the shadow region as 180° is approached the lim 
directivity of the measuring aerial ultimately fails to disting 
the reradiated from the incident field. If the orbit is contin 
a series of interference maxima and minima are recorded wi 
are numerous for orbits taken at a large radius. Assuming 
they are too numerous to represent angular variations in 
reradiation pattern itself, the maxima and minima are je! 
separately by smooth curves representing Ey + E, and Ep - 
from which the variation of E, alone is deduced. 

More points in the immediate vicinity of 180° are found 
direct substitution of the receiving aerial. The measuring a 
maintains its position whilst the receiving aerial is removed 
replaced. The vector difference in the measured field strea; 
is the reradiated field, obtained directly from the definiticr 
eqn. (1). 

(3.2) Reradiation in Forward Sector 


In the region around 0° a directional and therefore ik 
measuring aerial is inadmissible, since the transmitter it 
occupies that sector. One of the two aerials must obstruct 
view of the other towards the receiver, depending upon which 
the greater range. Moreover reflections, for instance fro: 
wall behind the receiving aerial, may no longer be distinguis 
from the reradiation by directional means. A tolerably ss 
reduction in the coupling between transmitter and receive 
possible if a short current-element performs the role of measu. 
aerial, in an orbit of relatively low radius. A phase-reye 
method allows the reradiated field to be distinguished from 
other fields to which the weakly directional element rem: 
sensitive. This consists in sliding the receiving aerial along: 
line joining it to the transmitting aerial over the short dispb 
ment which is necessary to reverse the phase of the reradil 
field. The distance is 4A when the measuring aerial lies a 

= 0°, and this bearing does not change during the mop 
But, in general, phase reversal requires a displacement D : 
that DU + oe 6) =4X and there is a change in be: 
00 = sin where R is the radius of the 
The indeterminacy in @ is tolerably smail when @ is small. 


(3.3) Details of Experiments 
Wavelength, 9:8cm. 
(a) Measuring aerial: conical horn, 40cm diameter aper 
Sector, 38°-180°. 
Orbit radius, 130cm. 
(b) Measuring aerial: current-element, length 2-5cm. 
Sector, 0° — 42°. 
Orbit radius, 50cm. 
Reduction in received signal strength less than 1% 
to introduction of measuring aerial. 
Maximum indeterminacy in bearing, + 1:1°. 
Transmitter range, 300cm. 
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(3.4) Measurement of Fields within the Horn 


thin rigid coaxial line may be introduced into the 0 yz plane 
ne horn without greatly disturbing the existing field, since the 
is everywhere perpendicular to the electric field. With the 
s of the line opened to form a current-element probe of 
4 ee the variation in received signal strength is less 
m2. 

ypical results of explorations of the electric field along 
les parallel to the aperture plane are shown in Fig. 7. Near 


fe) 
ye 


3. 7.—Variation of electric field intensity within the horn during 
reception. z 


mouth of the horn the distribution alternates between the 
as of the first two figures. Near the throat the third dis- 
ition predominates, with the subsidiary peaks diminishing, 
| the pure dominant mode remains in the waveguide. 

y contrast, in Fig. 8 the field during transmission is entirely 
‘of the dominant mode throughout the length of the horn. 


(4) CONCLUSIONS 


or greatest absorption and least scattering with any receiving 
ul, the incident field should correspond as closely as possible 
n ideal which is complementary to the transmission field. 
complementary field is like a motion picture of the trans- 
ion field played backwards; it is completely acceptable to 
aerial and enjoys total absorption without causing scattered 
er loss. Prediction of the absorption may be made in 
is of a correlation between the given field and the comple- 
tary ideal, a procedure which has its greatest value in 
aples where the incident field is not a uniform plane wave.!° 
directional aerial such as a horn is normally associated 
radiation which is mainly confined to the forward direction 
1 the mouth of the horn. Yet it has been predicted and 
irmed that the essential reradiation is to the rear, where it 
unts for a weakening of the resultant field in a shadow 
m and is a necessary accompaniment to the process of 
rption. 
her less essential reradiation or scattering occurs, generally 


Fig. 8.—Variation of electric field intensity within the horn during 
‘ transmission. 


in all directions, and is due to the excitation of higher modes 
of oscillation in the aerial. For a rectangular horn subject to a 
normally incident plane wave, the scattering is not entirely 
chaotic. Each mode has a sector of greatest influence in the 
reradiation polar diagram, and there is one predictable null 
angle, common to all the higher modes. 

Measurement of the local fields provides direct verification 
of the presence of higher modes during reception in a horn 
which transmits in the single dominant mode. The higher 
modes exist as standing waves up to the point where the horn 
is too narrow for further propagation, beyond which they are 
evanescent and diminish gradually. An exhaustive experi- 
mental study would lead to a surface-wave model of the electric 
field showing great intricacy and turbulence during reception in 
contrast with the smooth flow during transmission. 
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(7) APPENDIX 


The Relation between Absorption and Scalar Products of the 
Aperture Fields 


Let aerials A and B be enclosed separately by aperture- 
forming surfaces, and let a large surface C enclose both. 

Let the fields within C be E, H, when A transmits a given 
power P, and B is terminated in a matched load which receives 
power Pr =fPr a certain fraction of Pry. The remainder 
(1 —f)P; escapes across C and may be interpreted as the 
scattered power, following the proposal of Section 2.2. 

It is a consequence of the Lorentz reciprocity theorem that, 
if B transmits Py and A is terminated in a matched load, Pp 
is again received and the same fraction (1 —f)Pr is lost. The 
new fields E’, H’ existing in C may be strikingly different from 
E, H, as, for instance, when A is a dipole and B is a strongly 
directional aerial. 

Returning to the case where A transmits, let the load in B 
be replaced by an equivalent generator according to the com- 
pensation theorem. Let E’, H’ be the fields that would now 
be created by the equivalent generator acting alone and retrans- 
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mitting power fP;. The power that would be returned to. 
Pr= £*P T- 
Pr={[Pr 


Pere 
prep [ [ex H). as| | [ee x H’). ds| 


Eqn. (17) expresses the power Pp transferred from A t 
in a way which involves integration over the surface surrounc 
only A, of the two quite different fields EZ, H and E’, 
Whereas £, H, has the form of A’s transmission and com 
mentary fields, E’, H’ is the field in which A would find itse 
B were transmitting. The two integrals are not equivalen 
one double integral, but vector manipulation converts a spe 
case of the result into the form of a scalar product using 
following identity: 


(a x b).(c X d)=(c.ad.b)—(b6.chd.a) . | 
Consider the power 6Pp crossing an element 5S of A: 
(SP) = [(E x H).6S][(E’ x H’). 5S] 
= [(E' x H’).(E x H)]6S. 5S) 
— [(E x H) x 5S]. [(E’ x A’) x 5S] ( 
The second term in eqn. (19) may be reduced to zero by choas 


5S to be normal to either E x H or E’ x A’. Applying 
identity (18) again to the first term of eqn. (19), 


(SPr)? = [(E. E')(H. H’) — (E. AVE’. HSS? 


The second term in eqn. (20) is zero if the E’s are, as in 
horn H-plane, perpendicular to the H’s. Finally, if in mas 
tude E/H = E'/H’' = 7, one may write 


\2 2 
pga j 
rea | BPs le 
F U/] 


Thus the transfer of power in this particular case is de: 
mined by the scalar product of the two aperture distributis 
Repeated evaluation for changing orientation leads to the < 
ception of the result as a cross-correlation function, wl 
predicts the polar diagram. 
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THE DESIGN OF A NOISE GENERATOR FOR MEASUREMENTS IN THE 
FREQUENCY RANGE 30-1250 Me/s 


By I. A. HARRIS, Associate Member. 


(The paper was first received 10th February, and in revised form 28th June, 1961.) 


SUMMARY 


eparture of the source impedance of a noise generator from the 
uinal value gives rise to an uncertainty in the measurement of noise 
or. A critical examination of the problem shows that, to obtain 
uncertainty on this account of less than 2%, a source v.s.w.r. of 
ut 0-98 is required. Because existing noise generators seldom 
+t this requirement and because there is a need for more consistent 
isurements of noise than those obtained hitherto at frequencies up 
bout 1 200 Mc/s, a new noise generator has been developed. 

. description of the design, construction, calibration and use of 
noise generator is given. It employs a precision source resistor of 
2 and a pair of specially developed thermionic diodes (E2790), 
ig a form of diode mount designed to eliminate the effects of diode 
acitance so that a v.s.w.r. better than 0-98 is obtained at all 
juencies in the range. It is an absolute noise generator with an 
uracy in noise level of +2% at frequencies up to about 300 Mc/s, 
Tequires calibration at a single level for frequencies up to 1 250 Mc/s. 
present, this has been achieved with an estimated uncertainty of 
it +5°% in noise level. 


(1) INTRODUCTION 


[he effect of spontaneous random fluctuations of electricity 
an amplifier has long been described quantitatively by the 
ise factor, or noise figure, the factor by which the effective 
nal/noise power ratio at the source is degraded by the ampli- 
r. Noise factor was originally defined in terms of available 
ise power and available gain in a manner that was designed 
avoid the necessity of considering details of the effects of mis- 
itches.! This method is useful in certain general circuit calcu- 
ions, provided that the conditions attached to the meaning of 
mailable gain’ are well understood. The British Standard 
finition® of ‘noise factor’ is: the ratio of the total mean-square 
ise output e.m.f. to that part of it which is due to the thermal 
ise of the source. The source is taken to be a passive network 
a temperature of 290° K; the noise is considered to be limited 
‘the frequency range of the signal channel of the receiver; and 
> definition applies only to that part of the receiver in which 
ear amplification or frequency conversion occurs. With 
de-band amplifiers or receivers, a knowledge of their transfer 
aracteristics as functions of frequency is required in order to 
sasure noise factor with the help of a known noise source, 
less the noise source has a non-reactive impedance that is 
dependent of frequency over a sufficiently wide band. Given 
noise generator with such a constant source impedance at all 
fels of the noise setting, the noise factor of a receiver with any 
asonable bandwidth can be measured without ambiguity, using 
detector that responds to mean-square voltage or current. 

Comparisons between available noise generators, including 
nple saturated diodes, distributed coaxial saturated diodes and 
s discharge tubes with their mounts and source resistors have 
ten been found to show differences, particularly in the v.h.f. 
id lower part of the u.h.f. bands, where total inconsistencies of 


ee eee eee eee 
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2 dB or even 3 dB have sometimes been noticed. It is suspected 
that inadequate values of source v.s.w.r. relative to the nominal 
impedance are largely responsible for this. In order to obtain 
consistent results, there is need for a reappraisal of the conditions 
that must be satisfied by noise generators and need for a noise 


generator that conforms to the conditions reasonably accurately. 


(2) CRITERIA FOR A SATISFACTORY NOISE GENERATOR 


The degree of consistency between measurements of noise 
factor depends broadly on the qualities of three pieces of appara- 
tus. First, the amplifier under test must respond linearly to 
amplitudes up to several times the r.m.s. value of the greatest 
noise present during a measurement. Secondly, the special 
detector used must respond to voltages (or currents) as a true 
mean-square device up to a level several times the maximum 
r.m.s. noise applied. The detector should respond to the full 
bandwidth of the amplifier unless a narrow-band noise factor is 
required. Thirdly, the noise generator must satisfy the obvious 
requirements that the level of noise at the outlet must be estab- 
lished as a function of measured direct current or other readily 
determined property, that any frequency correction for this must 
be known, and that the source v.s.w.r. with the additional noise 
either ‘on’ or ‘off’ must be adequately close to unity. These 
requirements, except possibly the last, are widely appreciated. 
It remains to estimate the source v.s.w.r. that can be tolerated 
for a given inconsistency on this account and to choose the 
type of noise generator in which the condition is most likely to 
be realized. 


(2.1) Effect of Source Mismatch on Noise Factor Measurement 


The effects of the various amplifier and source parameters on 
the value of noise factor and its measurement can readily be 
ascertained with the help of the general theory of linear active 
two-terminal-pair networks (four-poles) developed during the 
past seven years.**> In this, the noise properties of an amplifier 
are represented by a ‘noise four-pole’ at the inlet of the actual 
amplifier, which is then considered to be noise-free (Fig. 1). 


AMPLIFIER 
(NoISe FREE} 


SOURCE NOISE FOUR- POLE 
ba 


Fig. 1.—Input circuit for calculation of noise factor. 


Four parameters specify the noise characteristics: a resistance, R, 
(to define a series noise voltage v); a conductance, G,, (to define 
a shunt noise current, i,, uncorrelated with the noise voltage):. 
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and the two components of a correlation admittance, Y,,, (to 
define noise current correlated with the noise voltage). In 
Fig. 1, the second admittance, — Y,,,, is necessary to neutralize 
Yo, for signals or noise from the source, so that it does not 
affect the input admittance, Y,, of the amplifier. The following 
general expression for the noise factor, N, can be deduced from 
the equivalent network: 


[Gr + Ril ¥ + YoorlAPMY, + MPEP 
N=1+2 = (1) 
[G@laPil¥, + YD af 
0 


where Y, is the source admittance, and A is the ratio of the 
voltage across the output load to the voltage across the input 
admittance, Y;. Admittances are preferred to impedances 
because they simplify the analysis with diode noise sources. The 
ranges of integration are infinite so as to include all frequencies 
at which A may be non-zero. If A restricts the pass-band to a 
very small value, the narrow-band noise factor is obtained: 


N=1+G,/G, + (RG) Y, oT Wee ee ) 


The well-known fact that noise factor must be defined relative to 
a nominal source admittance is evident from eqns. (1) and (2), as 
is the fact that this is best chosen to be a pure conductance, G,. 
Source mismatch is taken to mean the departure of the noise- 
generator admittance from this nominal conductance. The 
effect of source mismatch on the simple measurement of noise 
factor depends on the type of noise generator used. 

With a noise generator employing a saturated diode the source 
admittance does not change appreciably when the diode is 
turned on or off. The method used to measure N is to increase 
the mean-square noise voltage at the output of the amplifier by 
the factor « by adjusting the diode emission current, /. Then, 
for a standard source temperature of 290° K, 


201 F 
Abra ora BTL Cer aerate (3) 
where F is the frequency correction factor for the diode taken at 
the mid-band frequency of the amplifier.* 
If, in a measurement, the diode noise generator has a source 
admittance G, + jB, instead of the nominal G,, the narrow-band 
noise factor is expressed 


N’= 1+ G,IGs + RlGQ(GEs + Geor?” + (By + Beor)”] 4) 


In measuring the noise factor, however, it would normally be 
assumed that the source admittance had the nominal value, so 
that eqn. (3) would be used to obtain N,,,, but the noise 
factor actually measured should be determined from the relation 


N’ = 201F/[(« — 1)GJ] 
The values of « and F are given, and J is determined in the 
measurement, so that 
NewealN = GIG, . . . : : (5) 


‘The true noise factor relative to G, is given by eqn. (2), so that 
weqns. (2), (4) and (5) lead to the result 
Naas C5 G, a G, ac R,[(G; ate Gis = Ci a Boy | 
Nirue G, a G, a R,[(G; a Gas ais He 


It is not possible to give the maximum limits of error for a 
given mismatch expressed as a v.S.w.r. relative to G,; the best 


(6) 


* This relation has usually been written in the form 20/FR;/(« — 1), which is 
correct only when the source is a pure resistance. Eqn. (3) is correct even when the 
source admittance is complex, provided that N is then understood to be relative to this 
source admittance. 
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that can be done is to take an example. Thus with G, = 
R, = 2/G,, Goor = 9°7G, and Bo = 0, and with a sou 
admittance (0:7 — j0-2)G, giving a v.s.w.r. of about 0-67, th 
eqn. (6) gives Nyreas! Niue = 0°74 (i.e. —1:3dB). If, on- 
other hand, the source admittance is (1-4 + j0-2)G,, which a 
gives a v.s.w.r. of about 0-67, then Nyreas!Nirue = 1°44 ( 
+1-6dB). Thus two diode noise generators, each with 
v.s.w.r. of 0:67 but with widely differing angles of admittan 
will give answers differing by the ratio2-9dB. Further examp 
show that, to obtain not more than +2% uncertainty on accor 
of mismatch, a v.s.w.r. not worse than about 0-98 is requirec 

With a gas discharge tube, especially in a coaxial mot 
employing a line with a helical inner conductor surrounding © 
tube to obtain adequate coupling with the discharge at frequ 
cies below 1000 Mc/s, the source mismatch depends on wheti 
the discharge is on or off. The method used to measure N is 
determine the ratio « of the mean-square output voltages w 
the discharge on and off. Then, with the correct sow 
admittance, 

N = (TylT — Ve — 1) 


where T, is the effective source temperature with the discha1 
on, and To is the source temperature with the discharge ¢ 
Usually, T,/Tp is about 36. In this case the effect of sow 
mismatch is complicated and depends on the input admitter 
of the amplifier. If, for example, the v.s.w.r. of the generat 
is 0:8 with the discharge on and 0-7 with the discharge off, a 
if the v.s.w.r. of the amplifier input is 0-5, then the uncertaii 
in N can be more than +1dB. Improvement can be obtain 
by fixing « and using a variable attenuator between the generai 
and the amplifier, but at present such an attenuator is not read 
available with coaxial connectors. 


(2.2) Choice of Type of New Noise Generator 


No way has yet been found of achieving the required v.s.w 
with a coaxially mounted discharge tube for frequencies bel 
1250Mc/s. With a suitably designed mount employing spec 
diodes, on the other hand, techniques already developed : 
other measuring instruments enable such a v.s.w.r. to be obtaine 
The frequency-dependent correction for the noise level, necesss 
with any saturated diode, need be determined initially by ba 
methods only at a single level of noise, so that it is not a gri 
disadvantage. Accordingly, it was decided to develop a na 
generator using saturated thermionic diodes specially design 
to suit the method of obtaining a v.s.w.r. not worse than 0:98 - 
all frequencies in the required band. 


(3) NOISE GENERATOR FOR THE FREQUENCY BANI 
30-1250 Mc/s 


| 
(3.1) General Description | 
| 


This noise generator has been designed to conform stri¢ 
to the requirements set out in Section 2. An axial section of ' 
diode mount and source-resistor assembly is shown in Fig 
The source resistor consists of a cylindrical film resistor s: 
rounded by a coaxial copper outer conductor of tractorial ax 
section. With this form of resistor mount, which has be 
described before,® a v.s.w.r. relative to the nominal 50Q of 0 
or better is attainable for all frequencies in the required ba! 
The variable, determined source of noise is provided by aft 
of small thermionic diodes, type E2790, specially developed | 
the noise generator. The reasons for using two diodes insti 
of one are connected with the necessity to neutralize the did 
capacitance and to obtain adequate noise ratio. 

Each diode has an effective capacitance of about 0:8 pF, : 
to neutralize this the inner conductor of the main coaxial lin: 
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Fig. 2.—Axial section of diode noise generator. 


adercut for the length between the two junctions with the diode 
node connections, to form a low-pass 7-section with the two 
lode capacitances.’ The characteristic impedance of this 
“section is made equal to 50Q. Adjustable screwed plungers 
10t shown in Fig. 2) are located opposite each diode junction 
) enable the capacitance there to be set precisely to the correct 
alue, which is ascertained by obtaining a measured v.s.w.r. for 
1e whole diode head and source resistor close to unity at several 
quencies. By these means, an effective source v.s.w.r. of 
early 0-99 has been obtained throughout the frequency range 
0-1250 Mc/s. In order to keep the capacitance of each diode 
yw enough to permit of its neutralization over the required 
fequency range, the electrodes have to be so small that the 
iturated emission current is limited to 10mA per diode. Two 
iodes are therefore required for the measurement of noise 
actors up to 20 with a source resistance of 50Q, using a 2: 1 
crease in mean-square output voltage or current. 

In each diode, multiple connections from the two ends of the 
lament are brought out through seals to the two parts of a 
plit disc. The r.f. circuit through each diode is completed at 
ae split disc by a mica capacitor of about 200pF, which effec- 
vely isolates the filament heating connections from the r.f. 
ircuit, as illustrated in Figs. 2 and 3. If there is no d.c. short- 
ircuit at the input of the amplifier under test, the anode currents 
f both diodes must pass through the source resistor to the 
Ositive h.t. connection, which is at earth potential. The 
ssulting dissipation in the resistor, however, does not cause 
ppreciable heating because at the maximum current of 20mA 
ne power in the resistor is only 20mW, which after several 
iinutes would cause a temperature rise of less than 1°C. Also, 
has been verified experimentally that this direct current does 
ot measurably increase the noise from the source resistor at 
equencies higher than 30Mc/s. The filament supplies are 
onnected to the negative 100 V anode circuit, and the saturated 
iode current is adjusted in the usual way by varying the filament 
eating supplies. 


(3.2) Power Supply Unit and Indicating Instrument 


So far as the generation of noise is concerned, it does not 
Jatter whether the emission currents of the two diodes are equal 
r not, but to ensure adequate filament life it is necessary to limit 
ach diode emission to 10mA at the maximum setting. Again, 
wing to the short lengths of the filaments, the emission current 
xr a given filament-heating voltage may vary widely between 
iodes; consequently it is necessary to adjust each filament 
ipply and to measure each emission current separately during 
1¢ initial setting-up. When the noise generator is in use, the 


MICA RING 


SPLIT 
CAPACITOR 
PLATES 


NOISE 
OUTLET 


INSULATING 
SPACERS 


FILAMENT 
CONNECTIONS 


INSULATING 
CLAMPING PIECE 


FILAMENT SUPPLY 
TERMINALS 


Fig. 3.— Exploded view of diode and blocking capacitor assembly. 


sum of both emission currents must be indicated and must be 
adjustable by a single control. Finally, the extreme sensitivity 
of saturated emission current to small changes in filament heat- 
ing requires an exceptionally fine control of the latter if the 
emission current is to be set with an acceptable precision. The 
power supply unit is designed to meet these requirements under 
normal variations in mains voltage and ambient temperature. 

An attempt was first made to develop a power unit employing 
two separate d.c. filament supplies controlled by power tran- 
sistors employing known transistor stabilization networks, but 
variation in the transistor characteristics with changes in ambient 
temperature resulted in unacceptably large variations in the 
emission current of the saturated diodes. The design of power 
unit adopted employs both thermionic valves and semiconductor 
devices, the diode filaments being heated with alternating current 
at a frequency of 20kc/s. With this frequency, the peak-to-peak 
ripple on the diode emission is less than 0:2% of the steady 
component, which is low enough to cause no difficulty with 
modulation of the mean-square noise current. The output circuit 
of the filament supply unit is shown in Fig. 4, from which the 
method of measuring the emission current of each diode separ- 
ately during the initial setting-up can be seen. The output 
pentode is fed from a 20kc/s amplitude-stabilized oscillator, for 
which the stabilizing voltage is obtained from transformer T3 
and rectifier W, together with a direct voltage that is varied to set 
the level of the diode filament heating to obtain the required 
emission current. The voltage developed across the resistor R7 
by the combined emission currents is used for partial stabiliza- 
tion of the filament heating current. 

The indicating instrument employs 4-terminal resistors R3, 
Ry, Rs and R¢ as shunts which are permanently in circuit. All 
meter switching is on the instrument side of the shunts, the 
resistance of the instrument being made high enough to avoid 
errors from small switch contact resistances. R3; and Ry, are 
used to measure each diode current separately when these are 
equalized at 10mA by varying the shunts R, and R, across the 
output transformers. R; provides the current range 0-5 mA, 
and R¢ provides the range 0-20mA when the noise generator 
is in use. The two current meter ranges, the corresponding 
filament supply ranges and the standby facility in which the 
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Fig. 4.—Diode filament supply circuit of power unit. 


emission current can be reduced to ‘zero’ (less than IA) 
rapidly are all controlled by a single 5-position switch. This 
permits quick switching (5 sec) from ‘diodes off’ to ‘diodes on’ at 
any given level of emission current. 


(3.3) Design of the Undercut Section of Line 


The equivalent circuit of the two diodes, the undercut section 
of the line and the source resistor is shown in Fig. 5. Each 
diode is represented by a capacitance C. The shunt conductance 
and the electronic contribution to the capacitance of each 
saturated diode, both functions of frequency, are negligible. 
The admittance seen looking to the left at AA’ is G, + jwC, 
where G, is the conductance of the source resistor. At BB’, 
this admittance is transformed by the undercut section of line of 
length / and of real characteristic admittance Yj,. Thus at BB’, 
with the second capacitance taken into account, the admittance is 


1A G. Se J(@c + Yo tan B) 
where 8 = wi/v and v is the velocity of propagation. If 


wl/v < 1 and wC < 1, eqn. (7) may be expanded as a power 
series, retaining terms as small as (wC)? and pt: There results 


macy cite?) 


Yp 


2CF ae G2 :) [2 
Yo 1g vy 


+ jo[2C — ¥o(G2/¥$, — Ilr] (8) 


aS G{1 + of 


If 
2C/Yo, = (Gee We St tS) 


eqn. (8) becomes 


Ye== G; (10) 


to the order of approximation of eqn. (8). 
The values of / and Yo; determined by the undercut are chosen 
to satisfy eqn. (9); thus, if / is given, 


Yo. = G{V/[1 + @C/IG,*] — vcjie,} . . (11) 


The value of / should be the minimum that results in a prac- 
ticable thickness of the undercut section. In computing C the 
discontinuity capacitance of the step in the inner conductor must 
be included. 

To estimate the change in diode capacitance at the upper 
frequencies, the equivalent distributed circuit of a mounted 
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Fig. 5.—Equivalent r.f. circuit of noise generator. 


(6) 


Fig. 6. 


(a) Mounted diode. 
(5) Equivalent r.f. circuit. 


diode, shown in Fig. 6, is used. The capacitance C, of 1 
actual electrodes is in series with a short-circuited line of lengtt! 
and of characteristic impedance Zp,. The whole is connecte 

the accessible terminals AA’ through a length J, of line of char: 
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‘istic impedance Zo,. If wl,/v and wl,/v are small compared 
th unity, it can be shown that 


C=C, + Yoshlv box? Lae ak ee | (12) 


gere Yo, = 1/Zp,. Eqns. (7) and (12) with Yo: given by 

n. (11) show that Yz = G, to within about 1 % at all frequencies 

) to 1250 Mc/s when C, = 0-SpF, J, = 1:6cm, J, = 0-8cm, 
= 1800 and Zp, = 50Q, typical for the diode E2790. 


(3.4) Frequency Corrections 


4.1) Current Transformation and Transit-Time Effect 


The mean-square fluctuation of current in a short-circuit 
ross the accessible diode terminals, associated with the 
equency range f to f + df, is expressed 


ete Dell df 2 ee OEY (43) 


here J is the saturated emission current and e is the electronic 
large. Fis a frequency-dependent factor which is the product 
' {", the correction factor for the transformation of mean- 
juare current between the electrodes and the accessible con- 
sctions, and O, the correction factor depending on the electron 
ansit time in the diode. F as a whole is best determined 
perimentally by comparison of the noise from the diode 
merator with the calculable noise from a hot source resistor at 
measured temperature. In the Appendix, means are given for 
culating WY and © from diode dimensions, so that a calculated 
irve for F versus frequency can be compared with the measured 
Irve. 


4.2) Thermal Noise from the Filaments 


Each diode filament is, in the radio-frequency circuit, equiva- 
nt to a small resistance R, in series with the electrode capaci- 
nce C,, which is equivalent to a shunt conductance across the 
scessible diode connections: 


CHOCO) FP 14) 


his equivalent conductance is at the filament temperature T,,, 
s. about 2 500° K when the filament is emitting. The two limbs 
f the hairpin-shaped filament are effectively in parallel for the 
\dio-frequency circuit, giving an effective resistance, apart from 
in effect, of one-quarter of the series resistance of 1-6Q pre- 
mted to the heating circuit. At the frequency 1250 Mc/s, skin 
fect about doubles the low-frequency resistance of hot tungsten 
ire of the diameter used. Again, the effective lumped resist- 
ace, R., in series with C, is one-third of the distributed value 
ong the wire, giving the value 0-270 at 1250Mc/s. Then 
ith C,=0-S5pF and VY =2-7, G,=11-3 micromhos at 
250 vee It follows that the mean-square current fluctuation 
om two diode filaments is 3:2 x 10~?4A f amperes? in a band- 
idth Af. The shot-effect mean-square current in a ee 
ent of unity noise factor with « = 2 is 3-2 x 10~?7A famperes?. 
herefore, under the worst possible condition in normal use of 
© noise generator, the thermal noise contribution of the 
laments is only 1% of the total. 


(4) CALIBRATION AND USE 


(4.1) Determination of Frequency Correction Factor 


The method is to compare the noise from the generator with 
vise from another source that is readily calculable. A hot 
yurce resistor provides a standard which requires the least 
nount of measurement and calculation in making the com- 
ison, but in order to ensure the correct value of source 


conductance over a wide band, the temperature is limited to less 
than 200°C above room temperature. This results in a small 
increase in noise over that obtained from a similar source at 
room temperature, and unless a receiver with a very low noise 
factor is used to amplify the noise to a level at which it can be 
detected, the difference detected is too small for accurate assess- 
ment. Furthermore, unless the noise factor of the receiver is 
optimum for the nominal source conductance, the change in 
receiver noise with the small change in source admittance 
between the hot source and the noise generator will be of the same 
order as the noise difference being measured. Therefore the use 
of a hot source as a standard requires the use of head amplifiers 
with noise factors of not more than 2, adjusted for minimum 
noise when used with the nominal source conductance. 

Such head amplifiers were not available when the noise 
generator described was calibrated, and a c.w. signal generator, 
specially calibrated, was used as the standard. The v.s.w.r. of 
about 0-97 relative to the nominal conductance was obtained by 
inserting a suitable attenuator in the outlet, and the calibration 
level at the outer end of this attenuator was established by 
measuring the power absorbed in a load of precisely the nominal 
conductance. The attenuator in the signal generator was 
checked also. 

The effective noise bandwidth of the head amplifier for each 
frequency used was determined by graphical integration of the 
response curves obtained using a strictly square-law detector in 
the receiver. Then, if P is the power from the signal generator 
at the mid-band frequency of the receiver required to increase 
the detected output by the ratio «, if J is the diode current 
required to give the same ratio and if the temperatures of the 
source conductances in the two sources do not differ by more 
than a few degrees, 


F= 1-25. x 10°@/ANGI)), -= ae) 


where Af is the noise bandwidth and G, is the nominal source 


conductance. The experimental results are shown in Fig. 7. 
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Fig. 7.Observed and theoretical frequency correction curves. 
(a) Observed. (b) Theoretical. 


(4.2) Normal Use 
If the source resistor in the noise generator is actually at the 
absolute temperature 7,, the noise factor at the standard tem- 
perature T) (=290° K) is expressed 
T; 201 F 


Tare ACG 
Tyo (a —1G, GS) 


where J is the diode current (milliamperes) required to multiply 


N=1 


656 


the mean-square noise output voltage of the amplifier by the 
factor «, and G, is expressed in millimhos. 


(4.3) Measurement of the Four Noise Parameters of an Amplifier 


The four noise parameters mentioned in Section 2.1 may be 
determined with the help of a noise generator of accurately 
known real source admittance. These parameters are functions 
of frequency and should be measured with a narrow pass-band 
filter preceding the square-law detector in the case of a wide-band 
amplifier. Five relative values of mean-square output voltage 
are determined: 


n; with source G, and diode current zero. 

Ny With source G, and diode current /. 

ny with the coaxial inlet short-circuited. 

ng With a quarter-wavelength line, short-circuited at the outer 
end, at the inlet. 

ns with an eighth-wavelength line, short-circuited at the outer 
end, at the inlet. 


The input conductance G, and susceptance B, of the amplifier 
must also be measured. 


Then 
nz 201 F 

Ros 17 
Le fe = iG ae G,)? + Bi] ( ) 

(é = [(G; a Gx ale Be)ny -¥ (Gi sii B*)ng 

coe 2G,.n3 1 G 

pads ae ope UB 

(Geter CY Sime Gils 
Boor = DE. M3 +o: (19) 
G, = =R nl (24/n3)(G4 =n Bi) Fn (Gey = Ba y)h (20) 


These relations were calculated by an extension of a method used 
to determine analogous relations for an amplifier with a wave- 
guide inlet.® 


(5) CONCLUSIONS 


Critical examination of the effect of mismatch of the noise 
generator relative to the nominal source impedance shows 
that a v.s.w.r. of at least 0-98 is necessary if an uncertainty less 
than +2% on account of mismatch is required. To meet this 
requirement in the v.h.f. and lower part of the u.h.f. bands, a 
diode noise generator has been designed and constructed using 
special techniques originally devised for other purposes, to give a 
v.s.w.r. not worse than 0:98 over the frequency range 30-1 250 
Mc/s. The frequency dependence of the noise level is deter- 
mined by comparison with a known source having a similar 
v.s.w.t. The source resistance is 500, and the accuracy in 
noise level varies from about +2% at frequencies up to 
300 Mc/s, where the generator can be used as an ‘absolute’ 
instrument, to +5% for frequencies higher than about 400 Mc/s, 
where initial calibration against a known source is necessary. 
With improvements in the known source and the method of 
comparison, the accuracy at the higher frequencies may be 
improved. 
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(8) APPENDIX 
(8.1) Transformation of Current in the Diodes 


The transformation of current between the electrodes and th 
accessible diode connections cannot be compensated and must 
determined. If the diode is considered equivalent to a capac: 
tance C between the electrodes in series with a small inductance 
with a series resonant frequency fo, the ratio of the mean-squan 
noise current at the electrodes to that in a short-circuit across th 
accessible connections is expressed. 


eet Cony 


for a narrow band of frequencies centred on f. If allowana 
is made for a series blocking capacitor of capacitance C,, then: 


Y =L.ClG.— Cities) eee 


A more accurate calculation based on the equivalent distr 
buted-constant circuit of Fig. 6(b) leads to the result 


= [C/C, + (1 — a,¢, tan $,) cos dy — ayy sin b,|~? (22 
where ¢, = wi,/v, $,= lv, ay = Cyv](Yooly) and a, 
Cyv/(Yo-/-). The first series resonance occurs when 1/‘f = 
i.e. when 


(cot bl by = a,[(1 — 


provided that /, < I,. 

With a typical mounted diode, type E2790, J, = 1-6cr 
1, = 0-8em, “CO, = OSipFyiZgie 50Q, and allowing for tk 
open nature of the diode mount near the anode connectio 


a¢.tang) . . . @ 
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ig. 8.—Correction factor for mean-square current transformation. 


y = 1-6cm Zo» = 180Q ay = 1-68 
Ip = 0-8cm Zoe = SOQ ae = 0°94 


,~ 1800. Then a, = 1:68 and a, = 0:94. In eqn. (23) it 
found that ¢, = 38-4° for the first resonance and the corre- 
mding frequency is fp = 2000Mc/s. The correction factor, 
tted as a function of f/ fo with C, infinite, is shown in Fig. 8. 
r comparison, the broken curve shows the correction factor 
sed on the lumped circuit-element approximation. The first 
an series-resonant frequency of the two diodes in the mount 
Ss determined with a standing-wave meter, varying the fre- 
sncy of the supply until an impedance minimum was obtained 
the mean position of the diodes. The value found was 
= 2040 Mc/s. The value of C, used was 200pF, so that 
C, = 0-005 and (1 + C/C,)~? = 0-99 gives the value of ‘V 
the low-frequency end of the range. 


(8.2) Transit Angle Correction 


When the transit time 7 of electrons in the saturated diode 
10t very small compared with the period of oscillation corre- 
mding to the mid-band frequency, the noise from the diode is 
luced. The factor ® that takes account of this, which is 
yressed as a function of the transit angle 0 = wr, has already 
n formulated theoretically and compared with experimental 
ults.? The agreement found was satisfactory except for 
nsit angles less than 2rad, where the observed correction 
tor was appreciably less than the theoretical value. It is 
ywn here that this departure can be explained by the effect of 
ctrons scattered from the anode. 

n the broadest meaning of the term, ‘secondary emission’ 
nprises elastically and inelastically reflected electrons as well 
true secondary electrons. To a limited extent the three 
egories can be distinguished in an experimentally obtained 
ph of the energy distribution, although the division between 
lastically reflected electrons and true secondary electrons is 
efinite. For present purposes, the somewhat artificial 
ision indicated in Fig. 9 is adopted, in which it is assumed 
t the inelastically reflected electrons have a roughly uniform 
tribution of kinetic energy from zero up to the energy of the 
mary electrons at the anode. When the anode voltage is not 
. than about 100V, the contribution of the true secondary 
trons to the induced fluctuations of current is not appre- 
ble with small or moderate transit angles. Of the elastically 
ected electrons, few actually reach the cathode because of 
ir angular distribution about the direction normal to the 
trodes. 

uppose the fraction s of the incident convection current at 
anode is inelastically reflected or ‘scattered’ with a uniform 


Fig. 9.—Energy distribution of secondary emission. 


distribution of kinetic energy normal to the electrode surfaces 
from zero to eV, where Vis the anode voltage. The fluctuations 
in the incident stream are present in proportion in the scattered 
stream, and it is clear that the latter fluctuations are correlated 
with those in the incident stream. From eqn. (6.15) of Refer- 
ence 10, it can be shown that the excursions of the scattered 
electrons induce a current with a Fourier component related to 
the frequency range fto f + df by 


di = —Si,(d,/d)3j0,74(0,)e—% 


Fig. 10.—Transit-angle correction factor. 
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where 6i, is the convection current fluctuation at the cathode, 
d, is the distance from the anode to the extremity of the 
excursion, d is the cathode-anode spacing and 0. is the 
transit angle of the excursion. The function y,4 is defined in 
Reference 10. 

It is readily shown that d,/d = 02/02, where 0, is the transit 
angle to the extremity of the excursion, and 6, = 26, For 
a given range of energy eU to e(U+dU) the proportion 
scattered is sdU/V, or 2s0,d0,/04, where 0, is the transit 
angle for the whole distance d. Then, for all the scattered 
electrons, 


: Oa 
Si = — 4s Dice | 2(63 (94) 0,774(2808, 
0 


and with the correlated primary stream with the transit angle 
factor y3(0,), 


64 2 
di? = 2eldf|yx(6q) — $se/% | 2(63/05)j0,y4(28,d0,) (24) 
0 


The scattering of an electron is a random event which gives 
rise to additional fluctuations in the scattered stream. These 
fluctuations are of the nature of partition noise. Their con- 
tribution is 


6a 
dF = 2eIdf. s(1 — s)8 | (05165)|2i8, 7428)|240, (25) 
0 


The resultant mean-square fluctuation is the sum of eqns. (24) 
and (25). After substituting real notation for the functions y3 
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and y, and carrying out the integration, the transit-angle corre 
tion factor is found to be 


© = {5 (c0s 6 + 8sin8 —1) 


= all + 6) cos 8 — (1 — 67) cos 30 
— 363 sin 9 — 20 sin 36] 


+ {jatcin 6 — 6 cos 8) 


2S 
64 


[365 cos 0 + 6? (sin 6 + sin 30) 
+ 26 cos 3 8 + sin @— sin 36] 


S51" — 3) (8 eo? 
Te pe (Gatton 


oy i gi 2 3 gj p! 
59 sin 20 +8 cos 20 + @ sin 20) Q 


2 


; cos 20 


Curves have been plotted for the values 0, 0-15 and 0-2 cf 
and are shown in Fig. 10. The results are in broad agreeme 
with the experimental results given by Kompfner and other 
and by Duval.!! 

In the diode type E2790, saturated with an anode voltage | 
100 V, the transit time is estimated to be about 2 x 107!%se 
which with s = 0:15, fo = 2000Mc/s and Fig. 8, leads to i 
theoretical curve shown in Fig. 7. The estimation of tran 
time in a diode with a V-shaped filament in a cylindrical anod= 
difficult, and it is probably inaccuracy in this estimate th 
explains the difference between the experimental and theoretic 
curves in Fig. 7. 
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CRYSTAL DETECTORS TO COVER THE FREQUENCY BAND 26-40 Ge/s 
By H. V. SHURMER, M.Sc., Ph.D., Associate Member. 


(The paper was first received 14th April, and in revised form 26th June, 1961.) 


SUMMARY 


After referring to unsuccessful attempts based on a wafer-type 
yunt, a coaxial unit is described which operates over the frequency 
ad 26-40Gc/s, and is mechanically interchangeable with the 
nerican crystal 1N 53. The new crystal employs a silicon point 
atact of high sensitivity, and the mount was designed to give the 
st v.S.w.r. over the entire bandwidth. 

The design technique is described in detail and experimental data 
> summarized. Notwithstanding some difficulty in manufacturing 
the required sensitivity, a broad-band design has been achieved 
d the capabilities of Q-band detector crystals have been gauged. 


(1) INTRODUCTION 


Hitherto the only British crystal valve available at Q-band has 
en the waveguide plug-in unit, now designated CV 2391/2, 
d intended primarily as a mixer and of limited bandwidth.! 
le present work arose from a proposal to use for a detector 
ystal a silicon point contact similar to that of the CV 2391/2 
d to design the detector to give the best match over the whole 
the Q-band (26-40Gc/s). 

It was at first thought that a waveguide plug-in arrangement 
ight be the most suitable for the detector and, on account of 
¢ relatively low impedance of the point contact, it was pro- 
sed to form the crystal unit in ridge waveguide to facilitate 
oad-band matching. In addition to possessing lower imped- 
ce, ridge waveguide has a lower cut-off frequency and greater 
paration of higher modes than a plain rectangular waveguide 
the same width and height. 


(2) LOW-IMPEDANCE WAVEGUIDE WAFER 
MOUNTS 


Some of the waveguide wafer-type mounts which were made 
the early stages of this work are shown in Fig. 1. These 
‘its were designed to match, in characteristic impedance (72Q) 
d cut-off frequency (3-14cm), a double-ridge rectangular 
aveguide which was available. 

The holes seen in each case at three of the corners fitted into 
cating spigots in the holder, and defined the orientation of 
e mount. A spring-loaded short-circuiting backing plate was 
ought into position after inserting the mount into the holder. 
In one method of construction, the wafers were made in two 
Ives so that the waveguide aperture could be formed by a 
ing operation. With the dumb-bell structures, jig drilling 
as possible and the slots were milled from solid blanks. 

Tn those units in which the aperture was partially or com- 
etely filled with glass, a hole was formed perpendicular to the 
is of the aperture to accommodate the rectifying element, the 
Jeo output being taken coaxially from the base of the wafer. 
In order to illustrate the principles involved, the r-f. design 
discussed in Section 10.1 for a rectangular ridge wafer unit 
th the slotted section filled with glass. A 3-stage video 
tput choke, made integral with the wafer, is discussed in 
ction 10.2. 


Written contributions on papers published without being read at meetings are 
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Fig. 1.—Waveguide plug-in mounts. 


(a) Existing mixer CV 2391. 

(6) Ridge structure, rectangular. 

(c) As for (6), but incorporating mica window. 

(d) Dumb-bell structure. 

(e) As for (d) but slot sealed in glass. 

(f) Low-impedance plain rectangular structure in glass. 


Several units were adjusted using air-filled rectangular 
windows, but r.f. measurements on these gave results which 
could not be repeated consistently. This was attributed to 
difficulty in maintaining good electrical contact at the wave- 
guide aperture. If it had proved possible to overcome this 
trouble, there would have remained the greater task of devising 
a satisfactory r.f. choking system for wafers formed in ridge 
waveguide and also sealed hermetically. These problems 
appeared intractable and led to the abandonment of the wafer 
form of construction in favour of a coaxial design, which had 
been started in parallel and to which more conventional tech- 
niques could be applied. 


(3) COAXIAL CRYSTAL MOUNT 


Fig. 2 shows schematically the arrangement for the coaxial 
form of construction together with its equivalent circuit, the 
details quoted relating to the final design. 

The body of the mount is machined in tellurium copper. A 
central pin of silver alloy is supported by a ceramic bead, the 
end of the pin external to the mount being shaped to plug into 
the inner of a coaxial line. On the internal side, the pin carries 
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a cat’s whisker of molybdenum-tungsten alloy. This is crimped 
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for resilience and electrochemically pointed to press against the mixer crystal (IN 53). 
prepared surface of a silicon cube, carried by a plunger inserted 
from the rear of the mount. (3.1) R.F. Design 


Fig. 2.—Coaxial mount. Schematic and equivalent circuit. 
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The unit is mechanically interchangeable with an Americ 


The microwave circuit within the crystal mount compri: 
several sections of transmission line, to which standard thec 
was applied, including the discontinuity capacitances discuss 
by Whinnery ez al. Possible errors due to proximity effects 


The design procedure was to consider the normalized adm 
tance over the specified bandwidth at successive planes 
transition between sections, starting at the plane of contact 


The value used for the admittance of the point contact v 
that which had been derived for the original waveguide wai 
type crystal. This had first to be normalized to the charz 
teristic admittance Yo, for the section of line of which the ca 
whisker forms the inner conductor. The value of Yo, W 
Say Te = obtained by fixing the cat’s-whisker diameter on the basis 
satisfactory experience with the earlier mixer and adopting 


C = 0-05 pF tentative figure for the diameter of the cylindrical cavi 
C; = 0-017 pF Yo. = 1/222mho surrounding it. 

Co = 0-044 pF Yo2 = 1/35mho ‘ i : | 
C3 = 0-021 pF ¥, 5.2 /6imaine The contact admittance thus normalized is shown for ¢ 
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Fig. 3.—Normalized admittance plots at successive planes. 
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ave band 7-5-11-5mm in Fig. 3, curve (a). In order to allow 
yy the parallel-capacitance effects of discontinuities, it is con- 
enient to use normalized admittance rather than impedance, 
nd this is done throughout the design. 

A discontinuity capacitance C,, calculated for an inner line 
hich terminates abruptly, was assumed to operate in parallel 
ith the RC circuit representing the point contact. Correcting 
1€ normalized admittance of the contact for this capacitance 
ave curve (bd). 

The corresponding locus at the other end of the cat’s whisker 
3 given by curve (c). This is obtained by rotating points in 
urve (b) through angles corresponding to the electrical length 
f the cat’s whisker at each wavelength. 

The cat’s-whisker length J; was chosen so that curve (c) 
traddled the axis, which implied that at some point in the 
jave band, the associated inductance tuned out ihe capacitance 
fthe contact. For this purpose it was found satisfactory to use 
he overall cat’s-whisker length. 

The next step in the design was to allow for the discontinuity 
apacitance at the plane of the internal face of the ceramic 
ead. The diameter of the inner conductor, which is the only 
isposable variable in fixing this capacitance, also determines 
he admittance transformations at both ceramic faces, as well as 
he discontinuity capacitances. Its choice was therefore a 
aatter for some trial. 

Having fixed this diameter, the discontinuity capacitance C, 
t the internal face of the ceramic was obtained. By taking this 
ato account, curve (d) was obtained from curve (c). Curve (e) 
yas obtained by renormalizing to the characteristic admittance 
fo2 Of the ceramic-filled section. The thickness of the ceramic 
ead was determined in the manner outlined below. 

‘The transformation at the plane of the outer ceramic face 
esults in an increase in all values of normalized admittance 
y the ratio of characteristic admittance of the ceramic-filled 
ection to that immediately outside, which was fixed by the 
tipulated outline dimensions. The shape of curve to be aimed 
t after this transformation was one contained by the smallest 
ircle about the centre of the diagram. This implied that, before 
ransformation, the normalized admittance locus was to be of 
s compact a shape as possible and situated at the appropriate 
listance above the centre. 

The ceramic thickness was chosen so as to give the desired 
inal locus, derived in three stages. The first was to rotate 
joints in curve (e) through angles appropriate to the electrical 
sngths of the ceramic thickness J, at the various wavelengths, 
ving curve (f). The second stage was to allow for the dis- 
ontinuity capacitance C3, hence obtaining curve (g). . Renor- 
nalizing points in this curve to the characteristic admittance Yo, 
f the section immediately outside the ceramic gave the desired 
ocus [curve (/)]. 

In order to refer the admittance to a specified plane, which 
vas at the step on the inner conductor external to the mount, 
me further rotation of points in curve (/) was necessary; this 
orresponds to electrical lengths associated with the distance /; 
rom the ceramic to the step. The locus thus obtained is 
urve (i). 

By this design, it is seen that, over the bandwidth 7-5- 
1-5mm, the minimum value which is to be expected for the 
.§.w.r. in the input feeder is 0-37. 


(3.2) Experimental Confirmation of Admittance Locus 
Measurements on batches of experimental crystals have 
shown satisfactory agreement with the admittance locus obtained 
xy design. A typical plot referred to the reference plane of the 
shoulder on the pin is shown in Fig. 4, which also reproduces 
surve (i) of Fig. 3 for comparison. 


(3.3) Effect of Component Tolerances on R.F. Admittance 


A summary of calculations which were made to determine 
the effect of component tolerances on the admittance loci is 
given below. The spread in calculated r.f. admittances was in 
all cases greatest at the highest frequency (corresponding to 
7:5mm), to which the quoted results apply. 

Cat’s-whisker Length.—A variation of 0-002in corresponded 
to a change of about the radius of a 0-75v.s.w.r. circle. 

Ceramic-Bead Thickness —For a variation of 0-002in, a 
change again approximately equal to the radius of a 0:75v.s.w.r. 
circle was calculated. 

Ceramic-Bead Permittivity—Variations of 2% in the per- 
mittivity were calculated to give changes equal to the radius of a 
0-9v.s.w.r. circle. 

Length of Pin Shoulder.—It was calculated that an admittance 
change of slightly less than the radius of a 0-9v.s.w.r. circle would 
result from a variation of 0-002in in the length of the pin 
shoulder. : 


(3.4) Crystal Holder 


A waveguide to coaxial-line crystal holder, using a tapered 
ridge and transition of the type described by Cohn,* was con- 
structed for test purposes and is illustrated in Fig. 5. 

The broad-band properties of this holder were, however, not 
adequate for admittance measurements except by matching to 
the coaxial-line output of the crystal socket at each test frequency, 
and it is believed that for full utilization of the broad-band 
properties of the crystal a completely coaxial system may prove 
necessary. 

The design of the radial section of the choke which provided 
d.c. isolation for the crystal is of interest and is described in 
Section 10.3. 


(4) EXPERIMENTAL DATA FOR NORMAL OPERATION 


Measurements of figure of merit at 9-Smm wavelength and 
of video resistance are given in the form of histograms in Figs. 6 
and 7, respectively. They relate to 420 crystals as received for 
test, and the figure of merit represents the sensitivity measured in 
a holder matched to a 61Q line. The values are not corrected 
for the power loss due to mismatch of the crystal. The figure of 
merit is taken as the product of current sensitivity and the square 
root of the video resistance. 

The figure of merit is seen to peak at about 20, but there is a 
large spread and sensitivities up to three times this figure have 
been observed. Video resistance peaks at about 7kQ, but for 
the majority of crystals it occurs above this value. 


(5) TESTS OF RUGGEDNESS 


Tests of ruggedness were made on batches of approximately 
50 crystals after first establishing the repeatability of measure- 
ments of the various parameters made on successive days. The 
tests were concerned with resistance to burn-out, vibrational 
stability, tensional stability, tropical exposure and temperature 
cycling. 

(5.1) Resistance to Burn-Out 


Tests made of resistance to r.f. overload at 8-6mm with 
0-25 us pulses, 1000 pulses/s, showed significant changes in r-f. 
admittance to have occurred after 1h at a peak power of 10mW, 
care having been taken to screen crystals from magnetron 
leakage power. 

However, the sensitivity remained within specification in all 
cases. The changes in normalized admittance resulting from 
the exposure exceeded the radius of a 0-6v.s.w.r. circle for only 
4% of the crystals. 
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Fig. 4.—Comparison between measured and predicted admittance loci. 
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Fig. 5.—Coaxial crystal holder. 
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Fig. 6.—Figure of merit. 


(5.2) Vibrational Stability 


Vibration at 50c/s with 12g peak amplitude was applied fc 
10min in each of two mutually perpendicular directions, one c 
these being along the axis. One unit only showed serio 
deterioration. 

(5.3) Tensional Stability 


An axial tension on the centre pin was applied for 10sec a 
successively increasing levels, breakages occurring betwee 
14 and 191bf. It is considered that crystals in service will nc 
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No. OF CRYSTALS 


oman GhmroOmmro a 
VIDEO RESISTANCE, kQ 
Fig. 7.—Video resistance. 


ye subjected to a tension of more than 21bf, and changes in 
lectrical characteristics at this level were slight. 


(5.4) Tropical Exposure 


’ Climatic testing was done on the basis of the Tropical Expo- 
sure Test in Inter-Service Specification K114. It was found 
hat units sealed by a soldering technique survived 7 cycles 
without appreciable deterioration, but that at the end of 84 
sycles the average sensitivity was down by a factor of two. 


(5.5) Temperature Cycling 


Crystals subjected to six cycles of temperature over the 
range —40°C to +70°C showed changes in characteristics, but 
there were no catastrophic failures. 


(6) NOTE ON MANUFACTURE 


The point contact in VX 4150 is inherently more sensitive 
than hitherto used at X-band, with a figure of merit of about 
40 (e.g. in CV 2355/6/7 crystals). A figure of merit of 15 at 
9-5mm would correspond to about 170 at 3:2cm, since the 
degrading effect of the barrier capacitance increases approxi- 
mately as the square of the operating frequency. 

A figure of merit of 15 for the VX 4150 is therefore corre- 
spondingly more difficult to achieve, point-to-point variations 
in the silicon surface properties having much greater importance. 
Searching for points having the required properties is tedious, 
and the effort to adjust these crystals is, in fact, several times 
greater than for CV 2355/6/7. 


(7) CONCLUSIONS 

It is concluded that the coaxial form of construction gives 
satisfactory electrical performance over the bandwidth 26-40 Gc/s, 
using a design technique which is capable of scaling to higher or 
lower frequencies. The degree of ruggedness is shown to be 
adequate for normal applications. 
- Wafer-type crystals in ridge waveguide proved unsatisfactory 
because of r.f. choking difficulties. 

Development of the semiconducting contact to give high 
sensitivity more consistently is desirable and the problem of a 
broad-band holder deserves further attention. 


(8) ACKNOWLEDGMENTS 


The author thanks his colleagues in the A.E.I. Research 
Laboratory, Rugby, for advice and assistance. 


(9) REFERENCES 
(1) DircurieLp, C. R.: ‘Crystal-Mixer Design at Frequencies 
| from 20000 to 60000Mc/s’, Proceedings I.E.E., Paper 
_No. 1548, November, 1953 (100, Part III, p. 365). 


(2) Coun, S. B.: ‘Properties of Ridge Waveguide’, Proceedings 
of the Institute of Radio Engineers, 1947, 35, p. 783. 

(3) Wainnery, J. R., JAMIESON, H. W., and Rossins, T. E.: 
‘Coaxial-Line Discontinuities’, ibid., 1944, 32, p. 695. 

(4) Conn, S. B.: ‘Design of Simple Broad-band Waveguide—to 
Coaxial Line Junctions’, ibid., 1947, 35, p. 920. 

(5) Wurnnery, J. R., and JAMIESON, H. W.: ‘Equivalent Circuits 
for Discontinuities in Transmission Lines’, ibid., 1944, 32, 
p. 98. 

(6) Minran, T. G.: “Closed and Open Ridge Waveguide’, ibid., 
1949, 37, p. 640. 

(7) SCHELKUNOFF, S. A.: 
Nostrand, 1943), p. 269. 

(8) JAHNKE, E., and Empg, F.: ‘Tables of Functions with For- 
mulae and Curves’ (Dover Publications, 1943) p. 206. 


‘Electromagnetic Waves’ (Van 


(10) APPENDICES 


(10.1) Design of Rectangular Double-Ridge Wafer Unit with 
Slotted Section Filled with Glass 


The wafer unit was required to have the same impedance over 
the frequency band as the input feeder (of double-ridge wave- 
guide), which necessitated the same characteristic impedance at 
infinite frequency and the same cut-off frequency for the funda- 
mental mode (Hijo). 

The present example describes the design of waveguide 
section within the wafer to meet specified values for the imped- 
ance and cut-off frequency when the wafer is of double-ridge 
construction with the ridge section filled with glass—a form 
suggested by the need to have the semiconducting unit within a 
hermetically-sealed enclosure. 

An estimate is made of the importance of higher-order modes, 
and the maximum wafer thickness is found which can be used 
without risk of resonances occurring within the frequency band. 

As a basis for design, the cross-sectional dimensions of the 
air-filled input feeder are considered, and are shown in Fig. 8. 
The cut-off frequency for the H;) mode and characteristic 
impedance at infinite frequency are first determined. 

In the method of calculating cut-off frequencies described 
by Cohn,” the cross-section is treated as an infinitely-wide 
parallel-strip transmission line short-circuited at two points. 
With reference to Fig. 8, the sum of admittances across XX is 
equated to zero to give all the H,,,9 cut-off frequencies, using the 
equivalent circuit of (6) for m odd and that of (c) for m even. 
For m odd the equation is 


— oi cot 6, + B, + Yo2 tan 6, =a) 


which may be expressed in the form 


by B 
CO ee FTN a ee Oe ey 
cot 0, i an 0, Yo1 0 (1) 
; Yor by 
since — 
Yor 4 


For the dimensions of Fig. 8, 0;=100°/A; and 0,=37-8°/A,, 
where 2; is the wavelength in free space corresponding to the Hyg 
cut-off in ridge waveguide. The term B,/ Yo, calculated by the 
method of Whinnery and Jamieson,° is found to be 0:966/A;. 
Substituting these values into eqn. (1) and solving for X{ gives 
a first root at 3-14cm. 

The characteristic impedance for the Hg mode is obtained 
from the formula derived by Cohn and modified by Mihran:° 


DIS SH 


i a 2 ee 
— / 0 : 
2Cq cos 4, <i. ré (sin 6, + be cos @, tan 3) 
€E9 Tb by 2 
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Fig. 8.—Equivalent circuit for ridge waveguide. 


01 = aylAc 82 = a2/Ag 


where Cis the discontinuity capacitance per centimetreassociated 
with the ridge and depends on the ratio 6,/b,. For the dimen- 
sions of Fig. 8, Cz is found, as described by Whinnery and 
Jamieson, to be 0:0415pF/cm. ¢ 9 is taken as 0-0885pF/cm. 
Eqn. (2) applied to these dimensions gives Zp.. = 72Q. 

We now consider the effect of filling the ridge section only 
with glass of permittivity « = 5:0. This has the effect of 
increasing both the characteristic admittance and the electrical 
angle in the ridge section by +/e. Eqn. (1) then becomes: 


COU Us aon € tan se — a Oe (3) 


where 05 = 4/0. 

Solving eqn. (3) in terms of AZ gives a first root at 6-:21cm. 
In order that the solution shall give A; = 3-14cm, as for the 
air-filled ridge, it is necessary to change the ratio b,/b, and it is 
found that this is required to be 1-40. It will be seen from 
eqn. (2) that, if b,/b, is maintained constant as b, is varied, the 
characteristic impedance Zy,. may be altered without changing 
the cut-off wavelength. 

Eqn. (2) is used to give the value of 2b, corresponding to 
Zo = 72Q. The value of C, is now that corresponding to a 
ratio of 1-40 b,/b, and @, is replaced by 65. The required value 
of 2b, is thus found to be 0-122cm, and, from the ratio, 
2b, = 0:172cm. 

We now consider higher modes which may be propagated 
in such a waveguide. 

The Hy) mode cut-off wavelength 27,9 is obtained, neglecting 
discontinuity capacitance, by the first root of the equation 


1 b 
— tan 0, sie p, 2 83 


and is found to be 0:98cm. 
The H39 mode cut-off wavelength X/3) is obtained, again 
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neglecting discontinuity capacitance, by the third root of the 
equation 


cot 4, — Ve, tan 8, = 0 
2 


which is found to be 0:622cm. It is thus seen that the Hz) mode 
is not propagated in the frequency band 24-40 Ge/s. 

If the waveguide is without asymmetry, even-order modes 
will not be launched and therefore trouble from modes of 
higher order than the fundamental would appear unlikely. 

In order to avoid the possibility of resonance effects within 
the crystal wafer, it is desirable to make its thickness less than 
a half-wavelength at the highest frequency in the band to be 
covered, i.e. that corresponding to 7-5mm. 

This critical thickness is given, for the Hj) mode, by 


Xr 
‘= Wil — AA 


Substituting A=0:75cm and AZ;=3-14cm gives t= 
0:385cm. 

Similarly, for the Hy ) mode, the critical thickness is found 
to be 0:58cm, which is a larger value. The figure corresponc- 
ing to the H,) mode is therefore the value to be adopted. 

In practice, a hole normal to the axis of the waveguide ‘s 
required in the glass-filled slot to allow for insertion of the semi- 
conducting element, but the effect of neglecting this in the 
calculations is probably not serious. The actual impedance 
would, however, be rather higher and the cut-off wavelengt= 
slightly less than that calculated. 


(10.2) Three-Stage Video Choke 


The video output line from the waveguide mount was 
required to incorporate a choke such that the power absorbed 
in this line would not exceed 10% of the power in the waveguide 
for any frequency in the band 7-:5-11-:5mm and for mismatch 
on the output cable between 0:33 and 3-00. 

It was decided that a 3-stage coaxial choke would be employed 
for this purpose and made an integral part of the crystal mount. 
Each stage of the choke is A/4 long at mid-band and the dimen- 
sions eventually chosen led to the equivalent circuit shown ini 
Fig. 9. The properties of this circuit are discussed below. 


O 
OUTPUT CABLE | 
Zo4= 32°60) 


a 


Fig. 9.—Equivalent circuit at mid-band for 3-stage video choke. 


We consider the effect at mid-frequency and the extremes’o# 
the band in turn of both the matched condition at the cable and 
mismatches of 0:33 and 3-00. 


A = 9-Smm 
i; ry CAE 
(a) Matched Condition Z,,= = 1-300 
2Zo4Zo2 
Zee 
b) 3 : 1 Mismatch Oy a ek, SN 
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For frequencies other than mid-band, the formula used for 
M4 sections does not apply. It is then necessary to consider the 
impedance at successive planes from the output cable to the r.f. 
input to the choke, using the Smith impedance diagram. The 
results obtained by this means for 7:5 and 11:5mm are as 
follows: 


X= 7-5mm 
(a) Matched Condition Zin = 1-89 + 16:27 Q 
(b) 3 : 1 Mismatch Zin = 0°85 + 18:07 QO 
(c) 1:3 Mismatch Zin = 4°73 + 16°17 QO 
A= 11-5mm 
(a) Matched Condition Z,, = 1-89 — 17:67 Q 
(6) 3 : 1 Mismatch Zin = 0°95 — 18-07 Q 
(c) 1: 3 Mismatch Zin = 5°35 =—16°77Q 


_ The maximum input resistance (5-35Q) which occurs 
in. the worst condition represents a power loss of only 
5° 35/(72 + 5:35) % i.e. 6:9°%, assuming the crystal matches the 
ridge-waveguide impedance of 72Q. 


10.3) Design of Radial Section of Choke for Coaxial Crystal 
Holder 


The design of the radial section of the choke used in the 
>Oaxial crystal holder is described below. 

We consider uniform cylindrical waves in a non-dissipative 
medium bounded by two cylinders p = a and p = b, where 
b> a. The condition which applies to the radial part of the 
choke is that the impedance at a is zero when that at b is infinite, 


looking from ato b. The problem is to find the value of b for 
a given value of a. 

Using the notation of Schelkunoff’ the requirement of infinite 
impedance at b leads to the following expression for the input 


impedance: 

No(Ba)J5(Bb) — Jo(Ba)N, (Bb) 
N,(Ba)J,(Bb) — J,(Ba)N, (Bb) 
For —_Z,(a) = 0, No(Ba)J,(Bb) — Jo(Ba)N, (Bb) = 0 
or Jo(Ba)/No(Bo) = J,(B5)/N,(80). 


Solutions to this equation are given by Jahnke and Emde® for 
varying values of the ratio b/a. 
The first root is given by 


Za) x 


0:5 
Ba = jp SF) a1 = ct) 


or 1+a=1-1(k —1) 


ant 2 ; 
by substituting B = ae and taking A = 1:0cm, a = 0-114cm, 


€ = 5:8 (for mica). 

The value of k which satisfies the above equation is found to 
be 1-805, giving b = 0:206cm. 

An approximation to this solution is obtained by assuming 
that (b — a) = A/4 for a plane wave travelling in the medium 
of permittivity «. For the case considered, this would be 
0-25/4/5-8cm, i.e. 0:104cm, giving b = (0-114 + 0-104)cm, 
i.e. 0-218cm. 


SWITCHING ON-OFF TYPE FILAMENT EMISSION REGULATOR 


By A. F. Nacy, M.E., M.Sc., Graduate, and H. B. NIEMANN, B.E. 
(Communication received 14th March, 1961.) 


- Jonization gauges, small spectrometers and similar devices are 
seing widely used in rocket and satellite-borne experiments to 
measure pressure, temperature, density and composition of the 
ypper atmosphere. For the proper operation of these instru- 
nents the filament emission current must be kept constant over 
1 wide range of ambient conditions, and to achieve this a 
lament regulator is generally necessary. A number of 
ransistorized series-type regulators have been described,!? and 
uch regulators have been successfully used in this laboratory. 
However, these circuits are inefficient, as a large fraction of the 
sower from the d.c. supply is lost (dissipated) in the series 
ransistor, thus increasing the energy requirements of the supply 
ind also creating a secondary problem in heat dissipation. In 
ertain applications—especially in rocket and satellite instru- 
Mentation where maximum efficiency is required—a more 
fficient circuit is preferable. A switching-type regulator was 
herefore developed, as it has been pointed out? that when 
ransistors are operated in an on-off manner the power dissipated 
n the controlling transistor is only a small fraction of the peak 
oad power, whereas under linear operation the dissipation is 
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equal to or greater than the load power. Such a filament 
regulator is described. 


DESCRIPTION OF THE CIRCUIT 


The typical beam current for Bayard—Alpert type ionization 
gauges used in high-altitude research is of the order of 100A. 
Using this value as a guide, a switching-type filament regulator 
was designed. Fig. 1 is the circuit diagram of this regulator. 
It is basically an asymmetric free-running multivibrator with 
controllable on-off periods. The thermal time-constant of the 
filament is large (of the order of seconds), and so a frequency 
of about 1kc/s was found to be more than sufficient to avoid 
fluctuations in the emission, and at the same time it was not 
so high as to decrease the efficiency appreciably. 

The operation of the circuit can be described as follows: 
Transistors T,. T; and T, make up the emitter-coupled multi- 
vibrator. ‘The filament of the device to be regulated is used as 
the common emitter resistor. Transistors T; and T, are coupled 
together in order to handle the power requirements of the filament 
(6-8 W). To obtain maximum battery economy the power 
supply is made up of the following: five high-current-capacity 
silver cells in series, making a total of 7-5 V providing the power 
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Fig. 1.—Circuit diagram of regulator. 


Ry: 1kQ Rg: 802 
R2 1:2kQ R7: 1kQ 
R3: 5602 Rs: 1kQ 
Rg: 39kQ Ro: 1-2kQ 
Rs: 8202 Rio: 15kQ 


for the filament and a 6V mercury battery connected in series 
with it to give a total of 13-5V to supply the lower current 
requirements of the rest of the circuit. The R,)C, combination 
sets the fixed ‘off’ time of the T; and T¢ section, whereas the 
variable ‘on’ time is determined by the RgC,; combination and 
the potential at the collector of T;. This potential is set by T3 
and T,, which are connected as conventional common-emitter 
amplifiers. To obtain maximum sensitivity, the base current of 
T, is the algebraic difference between the current from the 
constant-current supply T, and the emission current of the device 
to be regulated. The voltage divider RV, permits adjustment in 
the emission level of the filament. 

Extensive temperature tests have been carried out, and these 
established that the only component requiring temperature 
compensation is the transistor T, of the reference supply. It has 
been found* that temperature drifts in silicon transistors, 
properly biased and operating at temperatures below 80°C, are 
due primarily to changes in the base-emitter voltage drop V,,. 
These changes are stable with time and are a linear function of 
temperature. Thus they can be compensated by positive 
temperature-coefficient resistors. This was done in our circuit 
by connecting a 1kQ Sensistor in series with the emitter of 
transistor T,;. With this compensation, the variation in the 
emission current was less than 1°% up to temperatures of 60°C. 
Further tests have also indicated that the emission current stays 
constant, to within 1% when V, changes from 2:5 to 7:5V, 
and within 4% when the filament supply V, changes from 7-0 
to 9:0 V. The overall efficiency of the regulator was found to 
be 90-95%, depending on the operating conditions. If the 
collector of T, is raised to the same voltage as the collector of Ts, 
the circuit will operate satisfactorily but with a decreased 
efficiency. This decrease in efficiency is due to the incomplete 
saturation of transistor T, and the resulting collector dissipation. 
This regulator has been used with an ionization gauge operating 
over a pressure range of 10~4-10-®mm Hg, and resulted in an 
emission-current regulation well within 1 °%. 


Ry: 10Q T1: 2N328 

To, T3: 2N329 
RV,;: 10kQ T4, Ts: 2N671 
Cy: 0:3uF Te: 2N456 
C2: 0:2uF 


CONCLUSION 


The circuit described was specifically developed for one 
particular model of ionization gauge, but only slight changes 
were found necessary when it was used with gauges having 
different filaments. The present design requires a gauge beam 
current of 100A or more for optimum operation. However, 
when regulation at lower beam currents is required, an increase 
in the number of stages in the amplifier section of the regulator 
was found to provide satisfactory operation down to about 
10uA. Below this value, a more complex d.c. amplifier stage 
would be necessary for stable operation. 

This on-off type filament regulator has proved to be a very 
reliable and efficient device. Its main advantage over the series- 
type regulator is the increased efficiency, which is obtained 
without undue increase in circuit complexity. Thus, where 
efficiency is of prime importance, it will undoubtedly find wide 
application. 
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AN OUTPUT PREDICTION SYSTEM TO IMPROVE THE PERFORMANCE OF 
ON-OFF AND SATURATING CONTROL SYSTEMS 


By J. MILLS, M.Eng.Sc., Graduate. 


(The paper was first received 4th July, 1960, and in revised form 24th April, 1961.) 


SUMMARY 

When a second-order on-off or saturating control system is subject 
» large step inputs, the best performance that can be achieved is 
) bring the error and its first derivative simultaneously to zero in the 
jortest possible time; there is then no overshoot. This response 
squires a single change of the output of the on-off component at the 
roper time before the error reaches zero. A proposal is made to 
chieve this response for all magnitudes of step input using a linear 
etwork and a relay in the feedback path of the control system. The 
roposal applies to linear and non-linear systems of second order 
ith viscous damping, and to some higher-order systems. 


LIST OF SYMBOLS 
r = Input signal. 
c = Output signal. 
= Error — 1 — C. 
b = ‘Ideal’ feedback signal. 
b, = Actual feedback signal. 
a, = Actuating signal = r — b. 
t = Time. 
v = de/dt. 
’ = Normalized input = r/7K. 
’ = Normalized output = c/7K. 
’ — Normalized error = e/7K. 
b’ = Normalized feedback = b/7K. 
t' = Normalized time = ¢t/r. 
_ v’ = Normalized error rate = v/K. ~ 
s = Laplace variable. 
R(s), C(s), etc. = Laplace transforms of r, c, etc. 
K-= Gain constant. 
7 = Time-constant. 
H(s) = Feedback transfer function. 


ll 


(1) INTRODUCTION 


In their simplest form, on-off control systems, such as relay 
ervo-mechanisms or servo-mechanisms with torque limitation, 
requently suffer from large overshoots following sudden changes 
f input signal. This is because in a simple relay servo-mecha- 
lism the motor torque is not reversed until the error becomes 
ero, and since the velocity cannot be changed instantaneously 
he servo-mechanism overshoots. If the motor torque is 
eversed at the right time, before the error becomes zero, it is 
ossible to bring the error and its first derivative to zero simul- 
aneously, so that for a second-order system no overshoot will 
cur. Motor-torque reversal in this manner is described as 
optimum switching’. 

A number of proposals!~® have been made for systems which 
chieve optimum switching. These vary in complexity of the 
nput signals and the type of servo-mechanism for which they 
re suitable. The simplest of them use non-linear velocity feed- 
ack, requiring a tachometer and a diode function generator, 
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and achieve optimum switching for step inputs. The system 
proposed in this paper, referred to as the output prediction 
system, achieves optimum switching for any magnitude of step 
input signal. The only non-linear device which must be added 
to the servo-mechanism is a relay; no tachometer is required. 


(2) THE OUTPUT PREDICTION SYSTEM 


Using the output prediction system, a servo-mechanism is 
operated in two modes: the large and small error modes. When 
the input signal velocities and accelerations are small enough to 
be within the power capabilities of the servo-mechanism, the error 
will be small. A relay servo-mechanism under such conditions 
will either oscillate continuously at fairly high frequency and 
small amplitude, or will have a small dead zone of error, and a 
saturating servo-mechanism will operate in its linear range. 
Linear networks designed by linear or describing-function theory 
are used to achieve satisfactory performance in the smail-error 
mode. The output prediction system achieves optimum switch- 
ing for step inputs. To do this, a simple network is inserted by a 
relay in the feedback path of the servo-mechanism. The output 
of this network, at any instant, is a prediction of the future 
position where the motor would come to rest if the torque 
reversal were made at that instant. The proper time for torque 
reversal is when the output of the network is equal to the input 
signal, because the motor will then come to rest at the correct 
position. 


(2.1) Analysis of On-Off Servo-Mechanism 


* 
The output prediction system is described in terms of its 
application to a control system represented, for large errors, by 
the diagram of Fig. 1. A simple relay servo-mechanism can be 


Fig. 1.—Block diagram of on-off control system. 


represented in this manner. The box labelled ‘dichotomizer’ 
represents the relay or other switching device, or the torque 
limiting action. For the dichotomizer it is postulated that if 
the input is positive the output is —1, and if the input is negative 
the output is +1. 

This system can be conveniently studied using phase-plane 
analysis. Its performance for a dichotomizer output of +1 is 
given by 


(1/K)\(dye/dt?) + U/K)defdt)=1 . . « WD 
and from this, using normalized values, it can be shown that 
ea + Jog iw). cede ae eee) 


[ 667 ] 
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where d is a constant of integration. Similarly, for a dichoto- 
mizer output of —1, 


Ga= —v = log, 1i— ica aes en) 


Each of these equations is a family of curves, all of similar shape 
but displaced from one another in a direction parallel to the e’ 
axis, as shown in Fig. 2. The curves through the origin are 
obtained by making d zero. 


=f 


Fig. 2.—Phase-plane trajectories. 


(a) ee = -—r + log(l+wv)+d 
(b) e = —v’ —logd —wv)+d 


Suppose that the system is initially at rest with r, c, e, and v 
all zero. If a step-function input of magnitude rp is applied 
the error becomes 79. This may be normalized by substituting 
ro for ro/tK. Without any prediction, i.e. with direct feedback, 
the behaviour of the system is as shown in Fig. 3. The dichoto- 


la 


Vv 


Fig. 3.—Phase-plane trajectories for on-off control system without 
output prediction. 


mizer output changes when e’ becomes zero. With proper 
prediction of the output, the change takes place before e’ 
becomes zero on the trajectory which passes through the origin 
(Fig. 4). 
Referring to Fig. 4, the trajectory through the point e’ = Yo, 
% — ONS 
C= Tov log Abe ae oe 
The trajectory which passes through the origin is 


, 


ee = Gee loge et es 


The point (e{,v{) where the change should take place is on both 
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Fig. 4.—Phase-plane trajectories for on-off control system with outpu’ 
prediction. | 


these trajectories, and so these values can be substituted in eqn s 
(4) and (5). Making this substitution, and subtracting eqn. (3 
from eqn. (4) gives 


ro = — log. (1 = v,) — loge (1 + ¥)) 
= —'log, [b= @ 7] ae 


Now, from the solution of the differential equation we have 
along the first trajectory, 


y == Texp (7) 0. ae 
where ?¢’ is the normalized time from the point (79, 0). Substitu 
ting this in eqn. (6) for the particular values v;, ¢{ at the chang: 
point (e;, v;), 

— log, [2 expG@=t) = exp 23) 
= — log. [exp (— ¢)] — log, [2 — exp (— t)] 
t, — log. [1 exp (— 1) .8) 2 ae eee 


Now it is required that the feedback signal b should equal r 
at time ¢, for all values of r9. This condition requires that 


b’ = t’ —log, [2 — exp(—r'} .) . 1 


= 


I 


(2.2) Synthesis of the Feedback Network 


To produce a feedback signal which is a satisfactory approxi 
mation to b, a network is inserted in the feedback path. Th 
input to this network, expressed in Laplace-transform form, i 
C(s). Its transform function, H(s), operating on C(s), is require: 
to produce a signal, B,(s), whose inverse transform b,, approxi 
mates to b. It is not possible to produce b exactly by a networl 
with a finite number of components, but a good approximatio: 
can be obtained with a very simple network. The input signa 
to the feedback block c is given by 


‘= t' —1—exp(— ?) (10 


This follows from the solution of eqn. (1). If b’ is approximates 


by a function of the form 


b, = t’ X constant terms + exponential functions of t’ 


then, with certain restrictions, H(s) can be realized using 
lumped passive network. 


The simplest function of this type to give an approximatio 


to b’ is 
b,=t' —pfl t’)| 


exp ( 
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lere pisaconstant. However, except when p=landb=c' 
iS does not lead to a passive network, as proved below. The 
xt simplest function for bj is 


ba = t' — p[i — exp(—2’)] — qg [1 — exp( REN covtsee (Al) 


ere p, q, and n are constants. This leads to a realizable 
twork provided that 


peer eee ae eT GD} 


1¢ restriction of eqn. (12) also means that the first derivatives 
b’ and b; are equal att = 0. Since the exponential terms in 
are significant for small values of r’ and not for large values, it 
reasonable to expect that if one or more derivatives of b’ and 
are equal for t = 0 a good approximation will result. If in 
dition to eqn. (12) the further condition 


i U() | eel (17 [a 


imposed, the approximation has the correct second derivative 
t’ = 0, and the choice of network parameters is simplified. 
‘om eqns. (12) and (13), 
n—2 1 
fe ree 
n— 1 


If m is given by n = 1/(1 — log, 2) = 3-259, the approxima- 
yn has the correct value as ¢’ tends to infinity. However, this is 
Mt the best value, as is shown in Fig. 5. Ifa value of nm = 3-5 


+ 
ie) 


+1 


—t 
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Fig. 5.—Error of approximation to ideal feedback signal. 


chosen, the approximation is within 1 % for all values of t’ from 
ro to infinity. 

It is now necessary to synthesize a network which will give b, 
its output when its input is c. It is convenient here to use 
iplace-transform analysis. Since the Laplace variable s has 
e dimensions of T—! it may be normalized by putting s’ = sT. 
Taking the Laplace transform of b, and rearranging, 


s211 —p —qn)+s'n+1—pn—qn)+n 
cee OS SS ey) 


ith the restrictions of eqns. (11) and (12) this becomes 


BAs') = 


me 2s’ +n 
Es a ssi Desbn) 
Gl Ie no 1 
So = 2s 1 
2s' +n 


H'(s') = Bis)/C(s') = 


,in actual values, 


s thn 


2s + n[t 


s+n[t oe 


EES) == 


Had the s’? term in B’(s’) not been made zero the transfer 
function H(s) would have had an s? term in the numerator, and 
would not have been physically realizable with a passive network. 


Fig. 6.—Prediction network. 
The transfer function of the network shown in Fig. 6 is 


Tt aT 
2 stalr 


This network can be used for the prediction, and the gain of 2 
required with it can be obtained in effect by attenuating the r 
signal. Choosing a value of 3-5 for nm gives a capacitance of 
0-577, where 7 is the system time-constant. Thus for any 
second-order on-off control system the network component 
values can be immediately determined when the time-constant is 
known. Indeed, it may well be simpler to determine the best 
value of capacitance experimentally than to attempt to measure 
the time-constant of a system. 


(3) EXPERIMENTAL RESULTS 


To test the proposed system an ideal second-order system 
was studied on an analogue computer, and a relay servo- 
mechanism was built and tested to show the effects of departure 
from the ideal. The parameters of the ideal and practical 
systems were similar. The system chosen for study had rela- 
tively low damping and was therefore markedly oscillatory 
without prediction. 

Results of the computer study are shown in Fig. 7. These 


POSITION 


TIME 


Fig. 7.—System response to step-function input. 


With output prediction. 
— — — Without output prediction. 


comprise the step-function response for two input magnitudes 
with and without output prediction. The small oscillations 
which can be seen after the output has reached the desired value 
are not at the switching frequency. The switching frequency is 
much higher, and the visible oscillations are lightly damped 
oscillations excited by the small residual error, the system 
operating in a quasi-linear manner. These eventually die out. 
The relay servo-mechanism used for the test was built up from 
a 2-phase servo-motor controlled by a microswitch-relay 
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combination. This combination had an operating time delay 
of about 15ms, and because of this, a stabilizing network was 
necessary in the forward path to reduce the limit cycle amplitude 
in the small-error mode. This network was disconnected when 
the predictor network was in use. A circuit diagram of the 
servo-mechanism is shown in Fig. 8, and results of tests are 
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Fig. 8.—Experimental relay servo-mechanism. 


RL1 Main relay (polarized). 
RL2 Prediction relay, operates when error exceeds a fixed small 
magnitude. 


TIME 


Fig. 9.—Response of experimental relay servo-mechanism. 


With output prediction. 
— — — Without output prediction. 


shown in Fig. 9. The small oscillations here are the steady 
oscillations of the system. These tests demonstrate the practic- 
ability of the proposal even when the actual control system 
departs somewhat from the ideal mathematical model, the 
departures being the relay-operating time delay and the non- 
linearity of the motor torque/speed relation. 


(4) GENERAL APPLICATION OF THE SYSTEM 


The output prediction system can be applied to any control 
system which can be represented by the block diagram of 
Fig. 1. In common with other proposals for optimum switching 
it is useful for non-linear systems and also for systems of order 
higher than the second, provided that the extra time-constants 
are small compared with the time required to respond to a step 
input. If the extra time-constants are not small, no system 
which provides only one torque reversal before the error becomes 
zero will give satisfactory response. Bogner and Kazda’ have 
shown that for a system described by an nth order differential 
equation, m — 1 torque reversals are necessary to bring the 
error and all its derivatives to zero simultaneously. 
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The output prediction system has limitations which do ne 
apply to some of the more complex systems. It is, in generé 
terms, limited to systems with inputs which are either slow] 
changing or consist of step functions of any magnitude, succes 
sive steps being sufficiently far apart for the system to come t 
rest after each step. One input which the output predictio 
system will not follow satisfactorily in the large-error mode is 
ramp function, but there are many control systems for which thi 
is not important. 

Non-linear or higher-order systems must be studied ind 
vidually to determine a suitable prediction network. The inpt 
and desired output of the prediction network can be foun 
either by analysis or experiment, as shown by the above analysi 
of a second-order linear system. These input and desired outpr 
voltages will be determined as functions of time. Network syr 
thesis from time functions, with the techniques available < 
present, is not straightforward. Guillemin® and Truxat 
describe possible methods. These require the input and outpr 
to be approximated as a series of steps, straight-line segment 
parabolae or higher-order segments. These approximat 
representations can then be transformed to the frequene 
domain, the ratio of the transforms being the required transi¢ 
function. However, this transfer function is not in the form < 
a rational algebraic function of frequency, and a further approx 
mation is necessary to bring it to a form physically realizable 5 
a network. A suitable approximation is not easy to find, nor : 
it simple to assess the resulting error in the time function. 

A more satisfactory method for the present purpose is t 
approximate the network input and output time functions 
the sum of a number of exponential terms, together with ter= 
in t, 2, etc. By a proper choice of coefficients these expressior 
can be made to yield physically realizable networks wither 
further approximation. To simplify the network the outpt 
approximation should contain all the terms in ¢, #?, etc., in th 
input, and exponential terms with the same indices as those i 
the input. As few extra exponential terms as possible shoul 
be added to complete the approximation. This form of th 
output approximation will ensure that most of the poles in th 
Laplace transform of the output will be cancelled by the pole 
in the input, leaving only the poles due to the extra exponentiz 
terms in the transfer function. Some restriction on the coeff 
cients will be necessary to restrict the number of zeros in tk 
transfer function, and these restrictions are best found &t 
analysis for each system. The approximation of a function < 
the sum of a number of exponential terms can be carried out t 
the graphical method described by Kimbark!® or the numeric: 
method described by Buckingham.!! 

This method of designing the prediction network has tw 
advantages. First, it leads to the simplest possible networ 
which will give an approximation of the required accuracy, an 
secondly, the errors in the approximation are immediate 
apparent. 


(5) CONCLUSIONS 


A very simple proposal has been made for achieving optimu: 
switching for on-off control systems subject to step inputs. Ti 
proposal has been tested by an analogue computer study ar 
by tests on a relay servo-mechanism. 
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THE PLACE OF FORMAL STUDY IN THE POST-GRADUATE TRAINING OF 
AN ELECTRICAL ENGINEER 


By N. N. HANCOCK, M.Sc.Tech., and P. L. TAYLOR, M.A., Associate Members. 


lis paper, a summary of which is given below, was first received 19th November, 1960, and in revised form 6th January, 1961. It was published 
individually in February, 1961, was read before THE INSTITUTION 2nd March, and the NORTH-WESTERN CENTRE 14th March, 1961, and was 
republished in October, 1961, in Part A of the PROCEEDINGS (page 435). Reprints of the paper and discussion (3539 Hancock and Taylor), 
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The paper examines the need for a period of formal post- 
aduate study by electrical engineers who will be concerned with 
search and development work in industry, as an integral part 
’ their training. It is concluded that the need is real, and 
iat study should be deferred for a year after graduation. Study 
yurses can with advantage be organized co-operatively by an 
sademic institution and local industry, and should be held at 
© academic institution. The possibilities of a full-time full- 
ssional course, a full-time course lasting about one term, and 


a part-time course are considered. The advantages, both 
educational and practical, are discussed and it is concluded that 
the national and industrial need is best met by the full-time 
one-term course. The problems this involves for the academic 
institution are considered, particularly in the recruitment of 
part-time lecturers from industry and the granting to them of 
some Official status within the academic institution. The con- 
clusions are illustrated by reference to a course with which the 
authors are concerned. 
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An Invariant Stability Factor and its Physical Significance. Monograph 
No. 468 E. 


S. VENKATESWARAN, M.A. 


Relationships between the maximum power gain and the internal 
loop gain of a general linear two-port network are developed. A new 
stability factor is defined from the maximum-gain potentiality of the 
network without external feedback, and is physically identifiable as 
the modulus of the internal loop loss (the inverse of loop gain) at 
maximum available power gain where this is finite. Several theorems 
on this loop gain show the relationships between the new stability 
factor, Stern’s stability factor and the author’s ‘performance factor’. 

Though the earlier factors may be obtained by constraints on the 
internal loop gain, they are shown not to be exactly related to the 
internal loop gain of the two-port network at maximum power gain; 
also, they are not exact invariants in matrix environments save in 
exceptional cases. The new stability factor is an exact invariant for 
all its values in the possible matrix environments, demarcates the 
regions of potential instability and absolute stability, and is directly 
related to the maximum available power gain of the two-port network, 
when this gain is finite. 


The Signal/Noise Gain of Ideal Receiving Arrays. 
470 E. 


V. G. WELSBY, Ph.D. 


A study is made of the theoretical signal/noise gain of an ideal strip 
transducer; this gain is the actual signal/noise ratio compared with that 
for a ‘point’ receiver (i.e. one whose dimensions are small compared 
with the wavelength at the lowest significant frequency). The results 
are not restricted to narrow-band systems and relate generally to noise 
fields which may be non-isotropic and have non-uniform frequency 
spectra. The theory is used to investigate the correlation between the 
noise outputs of the various sections of a subdivided transducer, and 
it is shown that, at least in the narrow-band case, the usual assumption 
of negligible correlation is generally justified in practice. Miulti- 
plicative systems are also considered, and it is shown that, in certain 
circumstances, the overall signal/noise ratio of such a system may be 
better than that of either of its component groups. 

The results obtained are also generally applicable to ideal radio 
receiving arrays. 


Monograph No. 


The Generation of Pulse-Like Functions by means of Lumped Equiva- 
lents of Delay Lines. Monograph No. 471 E. 
N. B. CHAKRABORTI. 

A method for realizing pulse-like time functions by means of 4-ter- 
minal networks developed on the basis of equivalence to delay lines 
is presented. [Illustrative arrangements based on this method for 
generating pulses of the forms sin ¢, sin? ft, sin3 ¢, etc., are described. 
A method of synthesis of networks for generating specified pulse forms 
is also suggested. Some experimental results are presented. 


The Conductivity of Oxide Cathodes. Part 12—Influence of Strontium 
Ion Migration on Matrix Conductivity. Monograph No. 473 E. 

G. H. Metson, M.C., D.Sc., Ph.D., M.Sc., B.Sc.(Eng.). 
The donor element in the oxide matrix is now regarded as strontium 


metal, and in the present Part its movement in an electric field is co 
sidered. It is shown experimentally that the donor is positive 
ionized, can be chemically isolated by solution in a platinum catho 
core, is mobile in an electric field at temperatures above 550° K, al 
is incapable of diffusion in a concentration gradient below 800°. 
Excessive concentration of the positive ion is shown to give rise to 
dramatic increase in matrix resistivity. It is finally concluded tt 
there exists an optimum donor concentration at which the conductiv; 
of the matrix is at a maximum. 


The Evaluation of the Response of Single-Valued Non-Linearities 
Several Inputs. Monograph No. 474 M. 


D. P. ATHERTON, B.Eng. 


The transform method for evaluating the coefficients of the vario 
terms in the output autocorrelation function of a non-linearity with 
input consisting of a sinusoidal signal and Gaussian noise is considere 
Solutions, all of which involve confluent hypergeometric functions, 2 
given for a few analytically defined non-linear characteristics. A shc 
table of these functions is also given to facilitate computation. A ak 
expression for evaluating the coefficients, a double integral involvi 
the non-linear characteristic and the moments of the sinusoidal & 
Gaussian input signals, is derived. A graphical method of soluti 
applicable to any single-valued non-linearity is given, and a compatr's 
made, with experimental and theoretical results. Extension of t 
technique to several uncorrelated input signals of any known amplita 
probability density distribution is shown to be possible. 


An Investigation of Some Waveguide Structures for the Propagation 
Circular TE Modes. Monograph No. 476 E. 


J. B. Davies, M.A., M.Sc., Ph.D. 


An analysis is given of various waveguide structures that supp: 
circular transverse electric modes. These structures are examin 
with a view to their application to mode filters and bends in circu 
low-loss waveguide systems. 

Circular waveguide is examined in which narrow longitudinal 
circumferential slots are cut in the waveguide wall. Particular atte 
tion is given to longitudinally slotted guide, in which the Ho; me 
has a lower cut-off frequency than the E,;; mode. A mode filter 
described which transmits only the Ho, H11, and H2; modes. 

Circular waveguide, with an outer conducting wall and an inr 
coaxial layer of closely spaced longitudinal conductors, is studied a: 
found capable of supporting an Ho mode of free-space wavelens 
much greater than the outer guide diameter. It is also found, 
principle, to support slow waves of the H;, Ho, .. . type at a 
frequency. 

An analysis is given of curved circular waveguide with small lon 
tudinal and circumferential surface reactances that can with advanta 
be varied around the waveguide circumference. Application of ti 
analysis to waveguide with shallow longitudinal slots shows that, | 
suitable diameter and slot dimensions, the Hp mode can be transmiti 
through slightly curved guide of any length with substantially 
mode conversion. Uniform longitudinal slots in curved wavegui 
will restrict mode conversion, over a band of frequencies, to the F 
mode, the conversion being small for large bending radius. T 
proposed application of these small-diameter slotted waveguides is 
relatively compact bends, with bending radius as little as five times t 
guide diameter. Although the wall conduction losses are increas 
by the slots, and by the operation close to cut-off, the overall loss 
a bend should be small. 

The longitudinally slotted curved waveguide may be difficult 
construct but it appears to provide a means of rapidly negotiati 
bends with little attenuation or contamination of the Ho. 
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plan with Plannair 


Make Plannair a member of your own design team. 
Many manufacturers requiring temperature control by 
planned air movement are realising the need to consider 
this special problem at an early stage—and are calling in 
Plannair, the air movement specialists, to sit in on their 
first planning meetings. 

The strength of Plannair lies in the ability of its design 
engineers to solve complex air movement problems and 
to design blowers which will provide the right amount of 
air in the right place for temperature control in specific 
projects. Size, weight and performance are the prime 
considerations and these are skilfully balanced in every 
designed-for-purpose Plannair Blower. 


Plannair Limited, Windfield House, Leatherhead, Surrey Tel: Leatherhead 4091 


Big aa Ege 
PLANNAIR 
ae 


@PLAG4 


ee Von ie 


PROCEEDINGS OF THE INSTITUTION OF ELECTRICAL ENGINEERS 


Part B. ELECTRONIC AND COMMUNICATION ENGINEERING (INCLUDING RADIO ENGINEERING), NOVEMBER 1961 


CONTENTS Mi 

PAGI 

The Banana-Tube Display System + ..c..c¢5 0065 dee cn cieie els ue ole eiefeioieis lene aim sittelel sete ineleyelehe) hate tsteheisttelca taal ana P. SCHAGEN, Ph.D. 57: 
Development of the Banana Tube... 0. ce. vse = = eidnnteelu eer oo ole ap erat nie ete See eens B. A. EASTWELL, B.Sc., and P. SCHAGEN, Ph.D. 58° 
Mechanical and Manufacturing Aspects of the Banana-Tube Colour-Television Display System ..........--++-f+++++eee: H. Howpen = 59¢ 
Circuits for the Banana-Tube Colour-Television Display System .............02 cece eect eee eee creer eee K. G. FREEMAN, B.Sc. 604 
Colorimetry of the Banana-Tube Colour-Television Display System ............ 2.055 eee eee eee eee eee eee e eee eee R. N. Jackson 613 
Appraisal of the Banana-Tube Colour-Television Display System ................... K. G. FREEMAN, B.Sc., and B. R. OvERTON, B.Sc. 624 
Discussion on the above six:Papers 22.0064 ..c seis o's wn'e cca tiers eee sles g byeust'ors avn) ole goto) p obleliete ef eo) oi eel lie] vhs abe Beas ial nae een aa ea ee 630 
Discussion on ‘Television Band Compression by Contour Interpolation’ ......... 0... cece eee ce tee tee tenet eee 634 
The Prediction of Aerial Radiation Patterns from Near-Field Measurements ...JOHN Brown, D.Sc.(Eng.), and E. V. JULL, B.Sc., Ph.D. 635 
A Theory of Receiving Aerials applied to the Reradiation of an Electromagnetic Horn ............ ...D. Mpc ey, B.Sc.(Eng.), Ph.D. 645 
The Design of a Noise Generator for Measurements in the Frequency Range 30-1 250Mc/s ............-+++ssee+eeee J. A. HARRIs 651 
Grystal Detectors to cover. the Frequency Band 26=40.Ge/s oink si. exctepele eps eet) ote teiienets eletteteterntetenen retreat H. V. SHurmer, M.Sc., Ph.D. 659 
Switching On-Off Type Filament Emission Regulator (Communication) .......... A. F. Nacy, M.E., M.Sc., and H. B. NIEMANN, B.E. 665 
An Output Prediction System to improve the Performance of On-Off and Saturating Control Systems ............ J. Mitts, M.Eng.Sc. 667 


The Place of Formal Study in the Post-Graduate Training of an Electrical mee (Summary). | 
N. N. Hancock, M.Sc.Tech., and P. L. Taytor, M.A. 67! 


Monographs published:individually oo a. ci ced cece aie Alors ooo ie ore Gos ohaye Pe Sie din leeke\ ole leh ena\el shit seNelet ker a Att toed tc ete eee ee eee oat a ae 672 


Papers for the Proceedings—An author who supplies an outline of a paper he proposes to submit for the Proceedings may apply to the Secretary for a free copy of 

The Institution’s Handbook for Authors. This gives particulars of a number of requirements—including maximum acceptable length—compliance with which is essentis!. 

See page ad 38 in the advertisement section. ti 

Declaration on Fair Copying.—Within the terms of the Royal Society’s Declaration on Fair Copying, to which The Institution subscribes, material may be copied from i issues 

of the Proceedings (prior to 1949, the Journal) which are out of print and from which reprints are not available. The terms of the Declaration and particulars of a Phooey 
Service afforded by the Science Museum Library, London, are published in the Journal from time to time. 


Bibliographical References.—It is requested that bibliographical reference to an Institution paper should always include the serial number of the paper and the month and year 
of publication, which will be found at the top right-hand corner of the first page of the paper. This information should precede the reference to the Volume and Part. — 


Example.—SmitH, J.: ‘Reflections from the Ionosphere’, Proceedings I.E.E., Paper No. et E, December, 1960 (102 B, p. 1234). 


THE BENEVOLENT FUND 


During the last few years the amount received from subscriptions and donations has been 
insufficient to meet the cost of grants and management charges. The deficiency is met by: 
making encroachments on capital funds. This may one day prove to be disastrous unless it is 
checked. Will you help to ensure that the income from subscriptions exceeds outgoings? 


Subscriptions, preferably under Deed of Covenant, and Donations may be sent by post to 


THE HONORARY SECRETARY 
THE INCORPORATED BENEVOLENT FUND OF THE INSTITUTION OF 
ELECTRICAL ENGINEERS, SAVOY PLACE, W.C.2 
or may be handed to one of the Local Honorary Treasurers of the Fund. 


Though your gift may be small, please do not hesitate to send it. 


Ww 
LOCAL HON. TREASURERS. OF THE FUND: 

EAST MIDLAND CENTRE . . . . . ZL. Adlington NORTHERN IRELAND CENTRE 
IRISH BRANCH A. Harkin, M.E. SCOTTISH CENTRE LRH Deca ae Steck. 
MERSEY AND NORTH WALES | CENTRE D. A. Picken SOUTH MIDLAND CENTRE _ . H. M. Frick 
TEES-SIDE SUB-CENTR W. K. Harrison RUGBY SUB-CENTRE. . . | | | P.G. Ross, B.Sc. 
‘NORTH-EASTERN CENTRE . R.G. Scotson SOUTHERN CENTRE. . SRN A ng 

NORTH MIDLAND CENTRE E. C. Walton, Ph.D., B.Eng. WESTERN CENTRE (BRISTOL) | | A. H MeQueeh 
SHEFFIELD SUB-CENTRE . . F. Seddon WESTERN CENTRE (CARDIFF) OW. S. Watt 
NORTH-WESTERN CENTRE _-E. G. Taylor, B.Sc.(Eng.) WEST WALES (SWANSEA) SUB-CENTRE” ©.) af 
NORTH LANCASHIRE SUB-CENTRE. ". “H. Charnley SOUTH WESTERN SUB-CENTRE . . . W. 5. Johnoy 


Members are asked to bring to the notice of the Court of Governors any deserving cases of which they may have knowledge 


LEZEN IE LE EE ENGEL EX ESE EYE YEE YELENA EY 


Published by The Institution, Savoy Place, London, W.C.2, Telephone: COVent Garden 1871. 


Tel ae 
Printed by Unwin Brothers Limited, Woking and London. elegrams: ‘Voltampere, Phone, London.’ 


